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CHAPTER XIII. 


COMPBESSION AND PILLABS. 


M9. CompreMlTe 0trAiB. — In most of the foregoing theoretic 
investigations it has been tacitly assumed that the tensile or 
compressive strength of any material is proportional to its sectional 
area, whatever that may be. This, however, is not always true of 
compressive strains, and one of the first difficulties which the 
student encounters, when seeking to reduce theory to practice, is 
the necessity of providing in struts or pillars not only against 
absolute crushing of the material, which in reality rarely occurs, 
but more especially against flexure and buckling, to resist which a 
greater amoimt of material is generally required than theory alone 
might seem to indicate. To understand the matter clearly we 
must recollect that the mode in which a pillar fails varies greatly, 
according as it is long or short in proportion to its diameter. A 
very short pillar — a cube, for instance, of wrought-iron, timber, or 
stone — will bear a weight nearly sufficient to upset, to splinter, or 
to crush it into powder; while a still shorter pillar — such as a 
penny, or other thin plate of ductile metal — will often bear an 
enormous weight, far exceeding that which the cube will sustain, 
the interior of the tliin plate being prevented from escaping from 
beneath the pressure by the surrounding particles. Alluding to 
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his experiments on copper, brass, tin, and lead, Mr. Bennie 
observes: — "When compressed beyond a certain thickness, the 
resistance becomes enormous.'* * We can thus conceive how stone 
or other materials in the interior of the globe withstand pressures 
that would crush them into powder at the surface, merely because 
there is no room for the particles to escape from the surrounding 
pressure. A long thin pillar on the contrary, such as a walking cane, 
will yield by flexure long before it is crushed; and if the bending 
be carried so far as to break the pillar, the fracture will resemble 
that due to transverse strain. Hence it is convenient to subdivide 
the results of compressive strain into flexure and crushing. 

980. Flexure— Criisliliiir--Boekliii9--lliilirinv — (ipUnteriiiff. 
— Flexure is the bending or deflection of a pillar whose length is 

very considerable in proportion to its thickness or diameter. 

Crushing may be subdivided into buckling, bulging, and 
splintering. 

(a.) Buckling is the undulation, wrinkling, or crumpling up, usually 
of a thin plate of a malleable material. Buckling is frequently 
preceded by flexure ; when, for instance, long tubes of plate-iron 
are compressed longitudinally, they first deflect, and finally fail by 
the buckling or puckering of a short piece on the concave side. 

(i.) Bulging is the upsetting or spreading out under pressure of 
ductile or fibrous materials, like lead, wrought-iron and timber. 

(e.) Splintering is tiie splitting off in fragments of crystalline, 
fibrous, or granular materials, such as cast-iron, timber, stone and 
brick ; the splintering of granular and vitreous materials is generally 
abrupt and terminates in their being crushed to powder, while most 
crystalline metals are semi-ductile and therefore bulge slightly before 
they splinter, and flatten out when reduced to smaU fragments. 

981. Cmshliiff ffirenirtli* — It has been found by experiment 
tiiat the strength of short pillars of any given material, all having 
the same diameter, does not vary much, provided tixe length of tiie 
pillar is not less than one and a half, and does not exceed four or 
five diameters ; and the weight which will just crush a short prism 
whose base equals one square unit (generally a square inch), and 

• PhiL Tram., 1818, p. 126. 
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^hose height is not less than one and a half, and does not exceed 
four or five diameters, is called the crushing strength of the material 
experimented upon. If the length of pillars never exceeded four 
or five diameters, all we need do to arrive at the strength of any 
given pillar would be to multiply its transverse area in square units 
by the tabulated crushing strength of that particular material. 
It rarely happens, however, that pillars are so short in proportion 
to their length, and hence we must seek some other rule for 
calculating their strength when they fail, not by actual crushing, 
but by flexure. If we could insure the line of thrust always 
coinciding with the axis of the pillar, then the amount of 
material required to resist crushing merely would suffice, whatever 
might be the ratio of length to diameter. But practically it is 
impossible to command this, and a slight error in the line 
of thrust produces a corresponding tendency in the pillar to 
bend. With tension-rods, on the contrary, the greater the strain 
the more closely will the rod assume a straight line, and, in 
designing their cross section, it is only necessary to allow so much 
material as will resist the tensile strain. This tendency to bend 
renders it necessary to construct long pillars, not merely with 
sufficient material to resist crushing, supposing ihem to fail from 
that alone, but also with such additional material or bracing as may 
efiectually preserve them from yielding by flexure. In masonry, 
heavy timber framing, or similar massive structures, the desired 
efiect is produced by mere bulk of material, which insures the line 
of thrust always lying at a safe distance within the limits of the 
structure. In hollow pillars the same result is attained by removing 
the material to a considerable distance from the line of thrust, 
which, though it may deviate slightly from the axis of the pillar, 
yet will not pass beyond its circumference. When the pillar is 
neither tubular nor solid, one of the forms of section represented 
in Fig. 86 is generally adopted. 

Fig. 86. 
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Fig. 87. 



989. Terj lon^ tUa pillars. — The law 

which determines the flexure of very long thin 
pillars may be investigated as follows: — Let 
Fig. 87 represent a pillar of uniform section 
throughout, not fixed at the ends, very long in 
proportion to its breadth, and just on the point 
of failing from flexure. 

Let W = the deflecting weight, 
b = the breadth of the pillar, 
d = its diameter or least lateral dimen- 
sion, 
/ = its length, 
D = the central deflection, 
M = the moment of rupture (58), 
/ = the longitudinal unit-strain in the extreme fibres in a 

horizontal section across the middle of the pillar, 
X = the diflerence in length between the convex and the 

concave edges of the pillar, 
C == the resultant of all the longitudinal forces of compres- 
sion in the concave side at the plane of section, 
T = the resultant of all the longitudinal forces of tension 

in the convex side at the plane of section, 
E = the coefficient of elasticity. 
The upper half of the pillar is held in equilibrium by three sets 
of vertical forces — ^viz., the weight, acting in the chord-line of the 
curve; the longitudinal tensile strains in the convex side at the 
middle section; and the longitudinal compressive strains in the 
concave side, also at the middle section. 

When the piUar is very long in proportion to its width, and the 
deflection therefore considerable even though the curvature be 
small,* we may assume D equal to the distance from the chord- 
line to either the centre of tensile or the centre of compressive 

* Mr. HodgkinBon*B experiments show that this inTestigation is not applicable to 
pillars whose length is less than thirty diameters if cast-iron, or sixty diameters if 
wronght-iron ; even with such short pillars it requires certain modification, as will be 
seen hereafter. 


CHAP. XIII.] COMPRESSION AND PILLARS. 


187 


strains (56). Taking moments romid either of these points indif- 
ferently, we have 

WD = M nearly. ' (a) 

Again, assuming that the deflection curve is a circle, from which it 
can diflfer but slightly, we have from eq. (130), 


D = ^nearly, 

whence, bj subetitutioii in eq. (a), we have 

SdM 


(*) 


W = 


XI 


(c) 


Further, recollecting that X is equal to the contraction of the 
concave, plus the extension of the convex edge, we have from eq. (2), 

£ 

Substituting this in eq. (c), we have 

idEM 


W = 


fi' 


(208) 


Replacing M by its values in (70) and the following sections, and 
recollecting that the ratio -^^ in eq. (208) is equal to the ratio -7- 

in the 45th and following eqs., we obtain the following values for 
the strength of long pillars of various sections : — 

98S. Solid reetanyiilar pillam — Solid round pillars — ^Hol- 
low round pillars — Strenirtli of long pillars depends on the 

eoeAeient of elasticity. — ^From equations (45) and (208) we have 

for long solid rectangular pillars, 

2E6rf» 


W = 


3P 


(209) 


where d = the least lateral dimension. 

From equations (47) and (208) we have for long solid round 
pillars. 


W = 


8P 


(210) 


where d = the diameter of the pillar. 
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From equations (48) and (208) we have for long hollow round 
pillars, 

W = ^<^p^> (211) 

where d = the external diameter, 
di = the internal diameter 
These equations prove that tiie strength of long square or round 
pillars varies as the fourth power of their diameter divided by the 
square of their length, and the longer the ^pillar is in proportion 
to its diameter, the closer will these equations represent tiie truth ; 
in such pillars the neutral surface will not lie far from the axis, and 
the deflecting weight, W, will be small compared to that which 
would crush a very short pillar of tiie same diameter. 

It is also to be observed that the strength of very long pillars 
depends, not on the strength of the material, but on E, which 
represents its stifiness and capability of resisting flexure. This 
theoretic result agrees with the fact that, although a short pillar 
of cast-iron will bear a much greater weight than a similar pillar 
of wrought-iron, as tiie crushing strength of cast-iron is from two 
to three times greater than that of wrought-iron, yet a very long 
wrought-iron pilkr will support a graiter weight than a similar one 
of cast-iron, as the coefficient of elasticity of wrought-iron is con- 
siderably higher than that of cast-iron. 

984. Streniptlui of long similar pUlara are as their trans- 
Terse areas — ^Weights of long pillars of eqaal streniptli hnt 
different lengths are as the squares of their lenirths, — 

These equations also prove that the strengths of similar long pillars 
are as the squares of any lineal dimension, that is, as their transverse 
areas (SOI); while their weights are as the cubes of any lineal 
dimension. Further, if the strengths of long pillars of similar section 
remain constant while their lengths vary, their transverse areas will 
vary as their lengths, and their weights therefore will vary as the 
squares of their lengths. 

985. Welirbt whleh wlU deileet a very long pillar Is very 
near the hreaklnfr weight. — It appears from eq. (i) that, if a 

very long pillar be bent in difierent degrees, D will vary as X, that 
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M . . 

is, as/ (9); and, from eq. (a), W = j^ which is constant since M 

also yaries as/; hence it follows that, W, the weight which keeps 
the pillar bent, is nearly the same whether the flexure be greater or 
less. This statement would be accurately true were it not that 
the assumptions on which eqs. (a) and (b) are based and the law of 
elasticity are only approximate. It will, however, agree very closely 
with experiment when the pillar is long enough to allow D to be 
considerable, even though the cmrvature be small. From this it 
follows that any weight which produces moderate flexure in a very 
long pillar will also be very near the breaking weight, as a trifling 
additional load will bend the pillar very much more, and strain 
the fibres beyond what they can bear. This theoretic result b in 
accordance with the following observation of Mr. Hodgldnson : — 
'* From the first experiment on long hollow pillars with rounded 
ends, it was evident that so little flexure of the pillar was necessary 
to overcome its greatest resistance (and beyond this a smaller weight 
would have broken it), that the elasticity of the pillars was very 
little injured by the pressure, if the weight was prevented firom 
acting upon the pillar after it began to sink rapidly, through its 
greatest resistance being overcome." — PhU, Trans,^ 1840, p. 411. 

As all the longitudinal forces at the middle of the pillar 
balance, we have the following equation: — 

C = T + W. 
This enables us to predict how a long pillar will fail, whether by 
the convex side tearing asunder, or by the concave side crushing. 
A wrought-iron pillar, for instance, may be expected to fail on the 
concave side, as its power to resist compression is less than that to 
resist extension. A long pillar of cast-iron, on the contrary, will 
probably fail by the convex side tearing asunder, as the compressive 
strength of cast-iron greatly exceeds its tenacity. This is cor- 
roborated by Mr. Hodgkinson's experiments on long hollow cast- 
iron pillars which ''seldom gave way by compression."' — Phil, 
Trans., 1840, p. 409. 

986. HodffldmMiii's laws — Three daMe« of pillara. — Our 

knowledge of the laws of the resistance of pillars to flexure, though 
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perhaps not so satisfactory in a theoretic point of view as might be 
desired, is, however, owing to Mr. Hodgkinson*s able investigations, 
aided by the liberality of Mr. Fairbaim, Mr. R. Stephenson and 
the Boyal Sodety, practically far enough advanced to enable us to 
predict with considerable accuracy the strength of pillars of the usual 
forms. The results of these investigations are here given ; the reader 
who desires more detidled information respecting the experiments, 
is referred to Mr. Hodgkinson*s original papers.* 

Mr. Hodgkinson divides pillars into three classes : — 

1®. SJiort pillarB whose length ^f cast-iron, under four or five 
diameters) is so small compared with their diameter that they &il 
by actual crushing of the material, not by flexure. 

2^. Long flexible pillars whose length is so great (if cast-iron, 
thirty diameters and upwards when both ends are flat, fifteen 
diameters and upwards when both ends are rounded,) that they fail 
by flexure, like girders subject to transverse strain, the breaking 
weight being far short of that required to crush the material when 
in short pieces. 

3^. Medium or short flexible pillars whose length is such that, 
though they deflect, yet the breaking weight b a considerable 
portion of that required to crush short piUars. This class includes 
all piUars which are intermediate in length between those in the 
first two classes, and they may be said to fail partiy by flexure 
and partly by crushing. 

In the following remarks the passages in inverted commiAs are 
verbatim extracts fi*om Mr. Hodgkinson's writings. 


CLASS I. — SHORT PILLARS WHICH FAIL BY CRUSHING ;* LENGTH 

UNDER FOUR OR FIVE DIAMETERS. 

S87. Pillars whose height Is less titan their diameter. — 

When the lateral dimensions of a prism exceed its height, the strength 

* See Jteport of the BrUith Attociation, Vol. jn^-^PhUoiopkical TrtuMoetuma: 1840, 
p. 885 ; and 1857, p. 851. — ExpenmefUal Betearches on the ttrength and other ptrh 
pertiesof Caat^Iron. By E. Hodgkinson, F.R.S. London, 1846.— iSeporf of the CommiS' 
iioners appointed to inquire into the application of Iron to Railtcay Structurety 1849. 
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to resiflt crushing is somewhat indefinite, and '* shorter specimens 
generally bear more than larger ones of the same diameter, or 
dimensions of base. *In the shortest specimens fracture takes place 
by the middle becoming flattened and increased in breadth {bulged)^ 
so as to burst the surrounding parts, and cause them to be crumbled 
and broken in pieces. This is usually the case when the lateral 
dimensions of the prism are large compared with the height.'* — 
Exp. Res., p. 319. 

S98. PlUan whiMe height Is Arom one to fbwr or flTe 
tlnietf the diameter — AB^le of fracture — Cnwhiiiir strenfrtii 
of short plilam eiiaahi their traasTerse area aioltlplled hj 
the erashlBgr imltHitraiB. — When the height of a solid prism 
is equal to or greater than its diameter — ^but not so great that 
it yields by flexure (this height for cast-iron yaries firom one 
and a-half to four or five times the least lateral dimension) — 
^' fracture is caused by the body becoming divided diagonally 
in one or more directions. In this case the prism, in cast-iron 
at least, either does not bend before fracture, or bends very 
slightly; and therefore the firacture takes place by the two ends 
of the prism forming cones or pyramids, which split the sides and 
throw them out; or, as is more generally the case in cylindrical 
specimens, by a wedge sliding off, starting at one of the ends, 
and haying the whole end for its base; this wedge being at an 
angle which is constant in the same material, though different 
in different materials (see Plate II.). In cast-iron the angle is such 
that the height of the wedge is somewhat less than | of the 
diameter.'* *' In timber, like as in iron and crystalline bodies 
generally, crushing takes place by wedges sliding off in angles with 
their base which may be considered constant in the same material : 
hence the strength to resist crushing will be as the area of fracture, 
and consequently as the direct transverse area; since the area of 
fracture would, in the same material, always be equal to the direct 
transverse area, multiplied by a constant quantity.'* — Exp, Ees.., 
pp. 319, 323. In other words, eq. (1) is applicable to short pillars, 
and their crushing strength is equal to their transverse section 
multiplied by the crushing unit-strain of the material. 




192 0OMPRBS8ION AKD PILLABS. [CHAP. XIII. 

S80. PlUan whose lielglit emceedm fbvr or flTe diametenu— 

If the length exceeds four or five times the diameter, " the body 
bends with the pressure, and though it may break by sliding off as 
before, the strength b much decreased. In cases where the length 
is much greater than as above, the body breaks across, as if bent 
by a transverse pressure/* — Exp. Res., p. 321. 

S90. CrauBhlnff anlt-stralB. — ^From the foregoing observations 
the reader will perceive that the crushing unitHstrain of any material 
should be derived from experiments on prisms whose haght is not 
less than the length of the wedge, nor so great that the prism will 
deflect. Mr. Hodgkinson seems to have preferred prisms whose 
height equalled two diameters, and in Table IV. (808), it will be 
seen that prisms of cast-iron whose height equalled one duuneter 
generally bore more than those whose height equalled two diameters. 
If, however, the material, like glass and some limestones, do not 
form wedge-shaped but longitudinal splinters (Ml^ SSS), it seems 
probable that, within considerable limits, the height of the specimen 
will not affect its crushing strength. Experimenters on stone have 
generally used cubes ; Mr. Hodgkinson*s practice, however, seems 
preferable. 


CLASS II. — LONG PILLAS8 WHICH FAIL BT FLEXURE; LENGTH, 
IF BOTH ENDS ABE FLAT AND FIBMLY BEDDED, EXCEEDING 
30 DIAMETEB8 FOB CA8T-IBON AND TIMBEB, AND 60 DIAMETEBS 
FOB WBOUGHT-IBON ; IF BOTH ENDS ABB BOUNDED, OF ONE- 
HALF THESE LENGTHS. 

991. lionff plDars with flat ends flrmly bedded three tfanes 
0troDffer than plDars with round ends. — *' In all long pillars 
of the same dimensions, the resistance to fracture by flexure is 
about three times greater when the ends of the piUars are flat and 
finnly bedded, than when they are rounded {like the end of an egg) 
and capable of turning.'* — Eap. Res., p. 332. 

999. Strength of Pillars with one end round and the other 
flat a n^an hetween that of pillars with hoth ends rounded 


• • 
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with h&th ente flat. — ** The strength of a pillar, with one 
end round and the other flat, is the arithmetical mean between 
that of a pillar of the same dimensions with both ends rounded, 
and with both ends flat. Thus, of three (long) cylindrical pillars, 
all of the same length and diameter, the first having its ends 
rounded, the second with one end rounded and one flat, and the 
third with both ends flat, the strengths are as 1, 2, 3, nearly.'* — 
Exp. Res., p. 332. 

MS. A lonff pillar with tmMm flrady flxe€ mm stroBir mm m 
pillar of half the length with round ends. — ^^ A long uniform 
pillar, with its ends firmly fixed, whether by discs or otherwise, has 
the same power to resist breaking as a pillar of the same diameter, 
and half the length, with the ends rounded or turned so that the 
force would pass through the axis." — Exp. Rea.^ p. 332. 

Of this fact Mr. Hodgkinson offers the following explanation : — 
*' Suppose a long uniform bar of cast-iron were bent by a pressure 
at its ends so as to take the form Abcde/B^ where all the curves 
Pig. 88. A£c, ede, e/Bj separated by the straight line A(^B, 
would be equal, since the bar was supposed to be 
uniform. The curve having taken this form, suppose 
it to be rendered immoveable at the points b and/, by 
some firm fixings at those points. This done, it is 
evident we may remove the parts near to A and B, 
without at all altering the curve bcdef of the part of 
the pillar between b and/, and consider only that part. 
The part 6/*, which alone we shall have to consider, 
will be equally bent at all the points b^d^. The 
points c and e too are points of contrary flexure, con- 
sequently the pillar is not bent in them. These points 
are unconstrained except by the pressure which forces 
them together, and the pillar might be reduced to 
any degree in them, provided they were not crushed 
or detruded by the compressing force. These points 
may then be conceived as acting like the rounded ends 
of the pillars, and the part ede of the piUar, with its 
ends c and e rounded, will be bearing the same weight as the whole 
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piUar bcdef of double the length with its ends bj^ firmly fixed." — 
Phil Trans., 1857, p. 855. 

S04. lIodffklBAOii's laws apply to eaAMron, steely wrooirlit- 
iron^ and wood* — " The preceding properties were found to exist 
in long pillars of steel, wrought-iron, and wood,*' as well as cast- 
iron.i-^^. ReB.y p. 333. They apply to pillars whose length 
is so great in proportion to their diameter that the breaking 
unitHStrain of the pillar is far short (for cast-iron not exceeding 
one-fourth) of the crushing unit-strain of the material. — Exp. Res,, 

p. 341. 

9115. IMsM on the ends add hat little to the strMffth of 
ilat-eaded pillars. — Cast-iron pillars with discs on their ends are 
somewhat stronger than those with merely flat ends, but the 
difference of strength is trifling. — PhiL Trans,, 1840, p. 391. 

S90. Poffitloa orflraetore. — Long uniform cast-iron pillars 
with both ends rounded break in one place only — the middle; 
those with both ends flat in three — at the middle and near each 
end ; those with one end rounded and one flat, at about one-third 
of the distance from the rounded end. Plate III. represents the 
cmrves indicating the form of flexure in each class of pillar. — 
PhiL Trans,, 1857, p. 858. 

999. fialarslBff diameter la the adddle of solid pUlars 
with roaaded eads laerea«e« their streagth sUirbtly. — ^* In all 
the (cast-iron) pillars with rounded ends, those with increased middles 
were stronger than uniform pillars of the same weight, the increase 
being about one-seventh of the weight borne by the former." Thia 
increase of strength was more marked in pillars with rounded ends 
than in those with discs, for " in the piUars with discs, those with 
the middle but little increased had no advantage, with regard to 
strength, over the uniform ones. But the pillars with the middle 
diameter half as great again as the end ones bore from one-eighth to 
one-ninth more than uniform pillars of the same weight with discs 
upon the ends." — PhiL Trans,, 1840, p. 395. 

999. Ralarylaff diameter of hollow plDars la the adddle 
or at oae ead does aot laerea«e their strea^th. — " In hollow 
(cast-iron) pillars of greater diameter at one end than the other, 
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or in the middle than at the ends, it was not found that any 
additional strength was obtained over that of uniform cylindrical 
pillars." — Exp. Res.y p. 349. 

SII9. Square pillars yleM in the dlreetlon of their 
diaconaUu — Solid '* square pillars do not bend or break in a 
direction parallel to their sides, but to their diagonals, nearly." — 
Exp. Res., p. 331. 

500. liony PlUan lrreir>lArl j flxe€ lase flroai ime-half to 
two-thirAi of their strennr^li. — '* A {long) pillar irregularly 
fixed, so that the pressure would be in the direction of the diagonal, 
is reduced to one-third of its strength, the case being nearly 
similar to that of a {long) pillar with rounded ends, the strength of 
which has been shown to be only ^rd of that of a pillar with flat 
ends." — Exp. Res., p. 350. And in two experiments on long solid 
cast-iron pillars with the ends formed so that the pressure would not 
pass through the axis, but in lines one-fourth of the diameter and 
one-eighth of the diameter respectively from one side, the breaking 
weights were little more than one-half that of a pillar of the same 
dimensions with the ends turned so that the force would pass 
through the axis. — Phil. Trans.^ 1840, pp. 413, 449. 

501. Strength of similar ionir pIDars Is ao th^r traas- 
Terse area. — The strength of similar long pillars is nearly as 
the area of their transverse section. As derived from Mr. Hodg- 
kinson's experiments on cast-iron, the strength varied as the 
1*865 power of the diameter or any other linear dimensions. — 
Exp. Res., p. 346. 

t09. Hodffklason's fbrmuiie fbr pillars with both enAi flat 
and well hedde^^ and whose leayth exceeds 80 diameters 
If east4ron or tfaaherj and 60 diameters If wroailit-iron. — 

The following formul® have been deduced by Mr. Hodgkinson 
from his experiments. They represent the breaking weights of 
piUars with both ends flat and well bedded, and whose lengths 
exceed 30 diameters if cast-iron or timber, and 60 diameters if 
wrought-iron. 
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Let W = the breaking weight in tons, 
I = the length of the pillar in feet, 
d == the external diameter (or breadth, if the pillar be 

square timber) in inches, 
di = the internal diameter of hollow pillars in inches, 
^ m = a coefficient varying with the quality of the cast-iron, 
and derived from experiments. 

Solid round pillars of cast-iron. — PhU. Trans., 1857, p. 859. 

W = m^';, (212) 

Hollow round pillars of Low Moor cast-iron, No. 2. — Phil Trans,, 
1857, p. 862 * 

W = 42-347 ^ -3^1 (213) 

Solid round pillars of wrought-iron.— PAfZ. Trans., 1840, p. 424. 

W = 133-75—^ (214) 

Square pillars of Dantzic oak (dry).— PAt7. Trans., 1840, p. 425. 

W = 10-95^ (215) 

Square piUars of red deal (dry).— PAt7. Trans., 1840, p. 425. 

W = 7-8^ (216) 

Square pillars of French oak (dry) — Phil. Trans., 1840, p. 426.t 

W = 6-9^' (217) 

SOS. The following tables contain the values of the coefficient m, 
derived from experiments on solid pillars of cast-iron 10 feet long 
and 2^ inches diameter, with their ends flat ; also the powers of 
diameters and lengths of pillars.— PAi7. Trans., 1857, pp. 872 and 
860. 

♦ "The pillaxB from tluB iron ware oast 10 feet long, and from 2) to 4 inchee 
diameter, approaching in some degree, as to size, to the smaller ones used in practice." 
— Piw. Boy. Sac, VoL viii., p. 819. 

t The cnuhing strength of French oak, according to Ronddet, = 6,386 lbs. per 
square 'mch.^PkU. Trans., 1840, p. 427. 
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TABLE I.— Co ifFi o iM T B m in eq. (212). 


DeMripClon of Iron. 

ValiMof 
eoeflBdent m. 

Old Pavk Lron, No. 1. 
Stonrbddge—onld blast, 

lbs. tons. 
111858 = 49-94 

• 
Derwent Lron, No. 1. 
I>arluttn--hot blast, 

105079 = 46*91 

Portland Iron, No. 1. 
Tovine» Scotland— bot blast, 

104098 - 46*47 

Calder Iron, No. I. 
LanaricHhire— hot blast, 

104187 s 46-49 

London Miztore. 
One-half old piste iion, and one-half Galder iron. 

92862 = 41-46 

Level Iron, No. 1. 
Staffi>zdahix«— hot blast, 

94202 >= 42*06 

GoltnesB Iron, No. 1. 
Edinboxgh— hot blast, 

90119 = 40-28 

Carron lion, No. 1. 

89949 « 40-16 

Soath Wales— oold blast, 

86114 :» 88-44 

Old HiU Iron, No. 1. 
Staflbrdshire— oold blast, 

75270 = 88-60 

Second London Miztore. 
One-third No. 1 best Scotch pig-iron, and two-thirds old metal, - 

104628 = 46-21 

Low Moor Iron, No. 2. 
Torkshiro— cold blast, 

90674 » 40-48 

BlaeoAYon Iran, No. 8. 
' Soath Wales-Hxdd blast, 

92829 = 41*22 

.. _. ... t 

Mean of 18 Irons, - 

95486 = 42-6 
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TABLE II. — P0WSB8 OF DIAMITBR8, OB d^\ 


1.0S.6 - 

10000 

4-26» » = 168-26 

6-8»ft = 819-94 

l-25»ft = 

21887 

4-8»ft = 164-87 

6-9»» = 862-92 

l-6».6 = 

41836 

4.43.5 = 173.^8 

70«ft = 907-49 

176«» = 

7-0898 

4-6»-ft « 198-806 

7-l»» = 968-68 

20**^ =3 

11-814 

4-6»'ft = 208-76 

7-2«-ft = 1001-68 

2^\9^b SS 

18-4206 

47»-» = 226-08 

7-26»-ft = 102608 

2*2>-» s 

16-7986 

4.758.6 = 288-68 

7-8»ft = 106107 

2-25S'ft as 

17-086 

4.33.5 ^ 242-296 

7.48.5 = 1102-88 

2.3S.& a 

18-462 

4-9«-* =260-48 

7-6»-ft = 1166-86 

2-4«'» = 

21-416 

6-0»» =279-61 

7-6" = 1210-17 

2-5>'» s 

24-706 

5.13.5 =s 299-67 

77»ft = 1266-88 

2'6'-^ =s 

28-840 

6-2»ft =820-686 

7-76»-» = 1296-86 

2.73.5 _ 

82-8426 

6-26» ft = 881-66 

7-8»» = 1826-86 

276** = 

84-488 

6-3»-ft = 842-74 

7-9»'» = 1886-78 

2-8»-* = 

86-788 

6-4«» = 866-91 

8-0»-» = 1448-16 

2.93.5 -- 

41-688 

6-6>» =89018 

8-26»-» = 1612-88 

80»* = 

46-766 

6-6»» =416-68 

8-6»-ft = 1790-47 

8-1"* = 

62-4626 

5.73.5 =s 442-14 

8-76»ft = 1981-66 

8'2'* = 

68-617 

6-76« » = 466-87 

90»-» = 218700 

8-26» ft = 

61*886 

6-8»ft =469-89 

9-26»ft = 2407-11 

8-8'* = 

66-288 

5.93.6 = 493.35 

9-6»» =2642-61 

8-4»ft = 

72-478 

6-0*-* ■= 629-09 

9-76» ft = 2894-12 

8-53-6 -- 

80-212 

6-l»ft = 660-60 

10-0" = 8162-28 

■ 

8-6*-» = 

88*6286 

6-2»-* = 698-48 

10-26»ft = 8447-78 

87>ft = 

97-488 

6-26» * = 610-86 

10-6»-ft =8761-18 

8 75*-ft = 

10212 

6-8»ft = 627-61 

10-76»-ft = 4078-14 

8-8*'ft = 

106-966 

6-4»-ft = 668-18 

ll-0»-ft = 4414-48 

3.98.6 -- 

11716 

6-6»-ft =700-16 

11-25'ft = 4776-66 

4.03.5 = 

128-00 

6-6»-ft = 788-69 

ll-6»-» =6167-64 

4.13.5 ^ 

189-66 

e.73.5 « 773.51 

ll-76»ft =s- 6660-74 

4-2«-ft = 

161-886 

6-76» ft = 79908 

12-0* ft =6986-96 


CHAP. XIII.] COMPRESSION AND PILLARS. 


TABLE III.— -PowiBs OF LnroTHs, or Z'-^. 



!»•" = 1- 

7ji4n 

= 26-6901 

16»-«= 91-7781 

2>« = 8-0961 

• 

8141 

s 29-6608 

l7»-«» = 101-806 

24»-«»= 4-462» 

91.M 

- 85-9266 

18»-«» = 111-197 

8»-«» = 5-9989 

lOiM 

=: 42-6680 

19»-« = 121-442 

41-^ = 9-5798 

111.61 

== 49-8276 

20»-«« = 182-082 

5>-« = 18-7823 

12i.« 

= 67-4208 

21»-« = 142-961 

6>-« = 18-5618 

18«-« 

= 66-4226 

22»-« = 164-228 

6Jt-M = 19-8282 

14»-« 

= 78-8226 

28»-«« = 166-812 

7>-M =28-8612 

16'-« 

a 82-6098 

24»-« = 177-728 


S04. PlUan with lioth mds rouide€ asA whese lenffth 
exceed 15 diameten if ea«Mroii or tlaibcr^ and SO dia* 

meters if wroa^hMroa. — If both ends are rounded, and the 
length exceeds 15 diameters for cast-iron and timber, and 30 dia- 
meters for wronght-iron, the breaking weight is approximately 

one-third of that ^ven by the preceding formulae (901). 

SII5. WUUMwe straivth of loay pilars of caai-iroa^ 
wroaffliMron^ steely Baatele aak« and red 4eal. — If we call 
the strength of a long cast-iron pillar 1000, the following numbers 
will express the strength of similar pillars of the other materials 
experimented on by Mr. Hodgkinson : — 

Cast-iron (Low Moor), . 1000 

Wrought-iron (best Staffordshire), . 1745 

Cast-steel (not hardened), 2518 

Dantzic oak, 108*8 

Red deal, 785 

'* The numbers, all but the last, were obtained from the pillars 
with rounded ends, and the computations made by the rules used 
for cast-iron." — Eap, Rea.y p. 351. 
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CLASS III. — MEDIUM OB SHORT FLEXIBLE PILLARS, WHICH YIELD 
PARTLY BY FLEXUBE, PABTLY BY CBUSHING; LENGTH, IF 
BOTH ENDS ABE FLAT AND FIBMLY BEDDED, LESS THAN 30 
DLAMETEBS FOB CAST-IBON AND TIMBEB, AND 60 DIAMETEBS 
FOB WROUGHT-IRON ; IF BOTH ENDS ABE BOUNDED, OF LESS 
THAN ONE-HALF THESE LENGTHS. 

S06. Medlom plDars with flat ends mtrouger titan those 
with roonded ends In Tarjinir ratios. — In cast-iron pillars whose 
length is less than 30 diameters, and in wronght-iron pillars 
whose length is less than about 60 diameters, ihe strength of 
those with flat ends varies fix>m 3 to 1*5 limes that of those 
with rounded ends, *'or less, according as we reduce the number 
of times which the length exceeds the diameter;" "but whatever 
may be the ratio of the strengths of pillars with rounded ends 
to those with flat ones, the strength of those with one end 
rounded and one flat, is nearly an arithmetical mean between 
the strengtlis of the other two." — PhiL Trans,, 1840, pp. 389, 
421. 

S09. Hodffklnsmi's fonnnla fhr medium plDars of east- 
Iron or tlmher with hoth ends flat and weU hedded.— '' The 
formulas above (SIM) apply to all pillars whose length is not less 
than about 30 times the external diameter (for cast-iron and timber, 
and 60 diameters for wrought-iron) ; for pillars shorter than this, it will 
be necessary to modify the formulae by other considerations, since in 
these shorter pillars the breaking weight is a considerable proportion 
of that necessary to crush the pillar. Thus, considering the pillar as 
having two functions, one to support the weight, and the other to 
resist flexure, it follows that when the material is incompressible 
(supposing such to exist), or when the pressure necessaiy to break 
the pillar is very small, on account of the greatness of its length 
compared with its lateral dimensions, then the strength of the whole 
transverse section of the pillar will be employed in resisting flexure ; 
when the breaking pressure is half of what would be required to 


• •. 


• • • • 
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cruBh the material, one half only of the strength may be considered as 
available for resistance to flexure, whilst the other half is employed 
to resist crushing ; and when, through the shortness of the pillar, 
the breaking weight is so great as to be nearly equal to the crushing 
force, we may conrider that no part of the strength of the pillar is 
applied to resist flexure." — Easp. Res.y p. 337. Acting on this view 
Mr. Hodgkinson devised the following formula for the strength of 
medium pillars of cast-iron and timber, with both ends flat and well 
bedded. For the reasoning on which it is based the reader is 
referred to Mr, Hodgkinson*s writings. — Phil, Trans,, 1840, pp. 
405, 426. 

W = w^, (218) 

where W = the brealdng weight in tons derived from the formulae 

for long pillars in (t09), on the hypothesis that the 
pillar yields by flexure alone, 
c = the crushing weight of a short length of the pillar, t.«., 
its sectional area multiplied by the crushing unit- 
strain of the material in tons, 
W = the real breaking weight of the medium pillar in tons, 
from the combined effects of flexure and crushing. 

Ex. 1. What is the brealdng weight of a solid pillar of Blaenavon iron, No. 3, with 
flat ends carefully bedded, whose length = 9 feet, diameter = 6 inches, and whose 
crashing strength = 87'8 tons per square inch t 
From Table I., m rs 41*2 tons, 

€ = 87-8 X 28-8 = 1056 tons, 

from eq. <212), W = 41-2 ^ = 606 tons, 
• 86 

Answer, eq. (218). W = f^A^ J??^ = 467 tons. 
^ 605 + 792 

If intended for a warehonse, the greatest load in practice should not exceed ^th of 
this, = 76 tons, and that only when the ends are adjusted with great care, so as to 
have a very uniform bearing ; when this is not the case the effect will be the same as 
if the ends were rounded, in which case the breaking weight will be much less 

(to*), probably only «" =— S" = 228*5 tons, of which ^th, or the safe working 
load, will = 88 tons. 

£x. 2. What is the breaking weight of a hollow flat-bedded pillar of the same iron, 
of the same height and external diameter, and whose internal diameter = 4 inches I 

On examining Table V. (SM), we find that the crushing strength of Blaenavon 
iron, No. 8, medium =s 87 '8 tons per inch, while that of Low Moor, No. 2, 
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medium = 34*6 tons. We may therefore aasnme that the coei&aieiit for hollow 
cylinders of Blaetutvon iron is the same aa that for Low Moor in eq. (218). 

Here, e = 87*8 X 157 = 586 tons, 

from eq. (218), W = 42-85 5?L=i?§ = 472 tons nearly, 

oO 

Afuwer, eq. (218). W = f !^ ^ ^?f = 808 tons, 
>^ \ / 472 + 448 

of which ^th, or the working load, = 50^ tons, i. e., when the ends are fitted with 
extreme care ; otherwise, -^ = 25f tons, is a sufficient load in practice. 


CAST-IRON. 

S09, Cmslitaiff fltreiifflli of ea«t-lroii, — Table lY. contains 
the '* Besults of experiments on the crushing strength of 
cyfinders of cast-iron of various kinds ; the diameters of the 
cylinders being turned to } inch each, and the heights being | 
and 1^ inches respectively.** *^ In both cases the height was so 
small that the specimen could not bend before crushing. Before 
each experiment was commenced, a very thin sheet of lead was laid 
over and under the specimen, to prevent any small and unavoid- 
able irregularity between its fiat surfaces and those of the parallel 
steel discs between which it was to be crushed." — Rep. of Com,^ 
1849, App. A., pp. 12, 13. 

TABLE rv.— ORUSHnra SnuurovH of Ca8!MB0v. 


Detcripaon of Iron. 


[djhi 


Cnuhlng Wdght 

per M]iiare Inch of 

Sectlan. 


Mesa. 


Inch. 


Low Mmt Iron, No. 1 


Do. 


Ko. 2 • 


Clyde Iron, No. 1 
Do. No. 2 
Do. No. 3 


lbs. 

64584 
56446 


ions. 

28-809 
25198 


99525 = 44-480 
92882 = 41*219 


lbs. tons. 
60489 = 27*004 

95928 = 42-825 


92869 
88741 

109992 
102080 

107197 
104881 


41*459 ) 
89*616 \ 

49-108 ) 
45-549 I 

47-855 ) 
46-821 I 


90805 
106011 
106089 


40*587 
47-826 
47*339 
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TABLE IV. — Cbobbivo Stxbvoth of CABT-aov-^eonUmted. 


DflmlpUoB of Iron. 

.T 

Cnuhing Wdsht 
per aqiuune Inch of 

MMn. 

Bhenavon IxoOf No. 1 • • • 
Do. No. 2— 1st sample - 

Do. No. 2— 2iid sample 

• 

Calder Irrm, No. 1 . - - - 
Coltaeai Inm, No. 8 - - - 
Brymbo Iron, No. 1 • - - 
Biymbo Iran, No. 8 - - - 
Bowling Iran, No. 2 
Tstalyfem Anthracite Iron, No. 2 - 
Tnisoedwyn Anthradte Iron, No. 1 
Do. No. 2 

Inch. 

{.1 
{.I 

ttks. tons. 

90860 = 40-562 ) 
80561 = 85-964 { 

117605 = 52-502 ) 
102408 » 45-717 ( 

68559 = 80*606 ) 
68582 = 80*594 ( 

72198 = 82-229 ) 
75988 = 88*921 { 

100180 =: 44*728 ) 
101881 = 45-460 | 

74815 = 88*899 ) 
75678 = 88*784 J 

76188 = 83-988 
76958 » 84-856 

76182 a 88-987 
78984 » 88*028 

99926 = 44*610 
95559 = 42-660 

88509 a 87-281 
78659 == 85-115 

77124 = 84*480 
75869 = 88-646 ( 

Ibe. tons. 
85710:= 88-268 

110006 = 49-109 
68545 = 80-600 
74088 = 88-075 

101005 =: 45*091 
75246 = 88-592 
76545 » 84*171 
75058 » 88*508 
97742 = 48*685 
81084 = 86-198 
76246 s 84-088 

Mean of the foregomg 16 irons 

• • 

• • » 

86284 = 88-519 

Mr JiomesStirling'sIron, SndqoaUty* 
Do. 8rd qoalityt 


125888 = 55*952 
119457 = 58-829 

158658 - 70-827 
129876 = 67-980 

122895 = 54*640 
144264 = 64-408 


* Composed of Calder No. 1 hot-blast, mixed and melted with about 20 per cent. 
of malleable iron scrap. 

t Composed of No. 1 hot-blast 8taffi>rdshire iron from Ley's Works, mixed and 
melted with about 15 per cent, of common malleable iron scrap. 
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Table Y. contains the '* crushing weights of short cylinders 
of different kinds of cast-iron, cut from the bars, 2^ inches 
diameter previously used {in experiments on pillars)^ and now 
turned to be f inch diameter nearly, and 1^ inch high. The 
results are means from three or four experiments on each kind of 
iron. The specimens were usually cut out of the iron between the 
centre and the circumference of the bar, denominated the medium 
part. In several cases they were cut out of the centre of the bar, 
and sometimes out of the circumference." — PhiL Trans.^ 1857, 
p. 889. 

TABLE V. — Cbushino Stbbnoth of Oabtiboit. 


Deeeription of Iron. 

DUmster 

of 
SfMolnMn. 

Crashing Weight 

per square inch 

of SectloxL 

Old Park Iron, No. 1. 

Inch. 

lbs. . tons. 
88070 = 89^S2 

jxLeGiunif -•..----- 

#4/ 

Old Park Iron, No. 1. 
Centrei 

•747 

74668 = 8838 

Derwent Iron, No. 1. 
Medium, - *- 

•747 

07160 = 48-87 

Coltness Iron, No. 1. 
Medium, ---...-.. 

•747 

68048 = 2814 

Blaenavon Iron, No. 1. 
Medium, 

•748 

70909 - 81-66 

Level Iron, No. 1. 

1k^a<1inTn • • • • m _ _ 

•TvtO 

68217 = 80-45 


7w 

Carron Iron, No. 1. 
Medium 

•760 

68609 = 80-68 

London Mixture. 
Medium, 

•749 

80928 = 86-08 

Calder Iron, No. 1. 
Medium, 

•760 

84648 = 87^79 

Portland Iron, No. 1. 
Medium, ••••..... 

•748 

94802 = 42*82 
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TABLE v. — CBtrsHiHO Stbivoth of Oast-ibon — canthued. 


m 

Description of Iron. 

DlaaMlar 

of 
apedmcD. 

CnuhlngWeii^ 

per Bouare inch 

of Section. 

Old Hill Iron, No. 1. 

Inch. 
•740 

lbs. tons. 
54761 » 24-45 

MediuxD, .------•- 

1 «» 

Low Moor Iron, No. 2. 
Medium, 

•748 

77489 = 84-59 

Low Moor Iron, No. 2. 
Centre, . . - 

742 

66407 = 29-65 

Medinm, -«.«-.• -- 

•787 

88517 = 87-28 

Blaenavon Iron, No. 8. 
Centre, 

•747 

76648 = 84-22 

Second London Mixture. 
Medium. From 2) inch pillar, as all above have been, 

•747 

95888 s 42-56 

Second London Miztore. 
Centre. From 2) inch pillar, aa all above have been, 

•747 

78451 = 8502 

Second London Mixture. 
Medium. From 14 inch pillar, 

•760 

111080 = 49-59 

Second London Mixture. 
Centre. From 1^ inch pillar, 

•750 

104071 = 4646 

Low Moor Iron, No. 2. 
From a hollow pillar 4 inches diameter and J inch thick. 
The height of the first two specimens waa ^72 inch, and 
of thelastl^502inch9 

|-421 

87502 » 8906 

Low Moor Iron, No. 2. 
From the thin ring of a hollow pillar about 84 inches dia- 
meter. Height of spedmena *58 inch, - • . . 

|299 

115998 = 51-78 

Low Moor Iron, No. 2. 
From the thin ring of a hollow pillar about 84 inches dia- 
meter. Height of specimens '58 inch, • - . . 

\ -296 

110212 == 49-20 

Mean of the foregoing 22 irons, - ... 

• 

84200= 37-6 
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•09. HardBemn and crofllitaiff wittHitrain of thin castings 
greater near the snrfkee than In the heart — Cmshing 
nnlt-strain of thin irr^ater than that of thtek eastings. — 

** Of the different irons tried in the experiments on pillars, whether 
solid or hollow, the external part of the casting was always 
harder than that near to the centre, and the iron of the external 
ring of a hollow casting was very hard, the hardness increasing with 
the thinness. Thus, in solid pillars of 2^ inches diameter of 
Low Moor iron. No. 2 (Table V.), the crushing force per square 
inch of the central part was 29*65 tons, and that of the intermediate 
part near to the surface, was 84-59 tons, whilst the external ring, 
i inch thick, of a hollow cylinder 4 inches diameter, of which the 
outer crust had been removed, was crushed with 39*06 tons per 
square inch ; and external rings of the same iron, thinner than half 
an inch, required from 49*2 to 51*78 tons per square inch to crush 
them. These facts show the great superiority of hollow pillars over 
solid ones of the same weight and length." — Phil. Trans., 1857, 
p. 890. Hence removing the skin of a thin casting reduces its 
strength to resist compression. 

510. Jk slight ineqnallty in tlilelaieMi of hollow piliam 
does not imjiair their strenirth materially. — Referring to 
castings of unequal thickness, Mr. Hodgkinson remarks: — **In 
experiments upon hollow pillars, it is frequently found that the 
metal on one side is much thinner than that on the other; but this 
does not produce so great a diminution in the strength as might 

>^ be expected, for the thinner part of a casting is much harder than 

the thicker, and this usually becomes the compressed side.*' — Phil. 
Trans.j 1857, p. 862. In practice, neither the excess or want of 
thickness should exceed 25 per cent, of the average thickness ; if, 
for instance, a hollow pillar is spedfied to be 1 inch in thickness, 
then in no place should the metal be less than f inch or more than 
1;^ inch thick. 

511. Hardness and emshiny strength at the sorfkee and 
In the heart of thiek eastings not materially dili^rent. — '' To 

\ ascertain whether the internal strength of larger pillars varied in the 

same manner as that of smaller ones, a cylindrical casting was made 

5 inches diameter and 15 inches long. It was cast vertically, from 
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Blaenavon iron. Through the axis of this cylinder, a slab, 15 inches 
long, 5 inches broad, and about 1 inch thick, was taken. Across the 
middle of this slab five cylinders, 1^ inch long and | inch diameter, 
were obtained at equal distances from each other, the middle one 
being in the centre, and the outer ones as near as possible to the 
sides. Comparing the results of the experiments (on crushing these 
cylinders) it appears that the external part of the casting was some- 
what stronger than the internal. But the variation was only from 
62 to 66 (62,444 to 65 JS9 lbs. per square incA), and therefore 
much less than was obtained from the smaller masses." From this 
and other experiments on small cylinders cut out of a slab of 
Derwent iron, No. 1, cast 9 inches square and 12 inches long, "it 
appears that the difference of hardness between the external and 
internal parts of a large casting is much less than in a small one, and 
may frequently be neglected."— PAtt Trans., 1857, pp. 891, 892. 

S19. Traamwene mirtm^^ of thick eMrtbiffs much Icmi 
than that of thin castings. — ** In some experiments made by 
Captain (now Colonel Sir Henry) James, as a member of the 
Boyal Commission for inquiring into the application of iron to 
railway structures,* it was found that the central part of bars of 
iron planed was much weaker to bear a transverse strain than bars 
cast of the same size. He states that " it was found by planing 
out |-inch bars from the centre of 2-inch square and 3-inch square 
bars, that the central portion was littie more than half the strength 
of that from an inch bar, the relation being as 7 to 12" (there may 
be some doubt whether the iron was sound at the centre). In 
page 111 of the same report, I (Mr. Hodgkinson) showed that 
rectangular bars of cast-iron, cast 1, 2, and 3 inches square, laid 
upon supports 4^ feet, 9 feet, and 13^ feet asunder, were broken 
by weights of 447 tt>s., 1394 tt>s., and 3043 tt>s. respectively. These 
weights, divided by the squares of the lengths, should give equal 
results; the quotients, however, were as 447, 349, and 338 
respectively. I attributed this falling off and deviation from theory 
partiy to the defect of elasticity, which I had always found in 
cast-iron, but principally to the superior hardness of the smaller 
castings." — Phil. Trans.^ 1857, p. 867. 

* See Report^ 1819, App. B., p. 250. 
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SIS. WorUiiff load on ea«t-lroB plUani Aould B«t exceed 
OBe-fltxih or their breakinff weight.— Owing to the vrant of 
recorded information it is difficult to assign what proportion of the 
breaking weight eminent engineers have considered the safe working 
load for cast-iron pillars. The opinions elicited by the Commis- 
sioners appointed to inquire into the application of iron to railway 
structures throw little or no light on the matter, as the evidence 
was chiefly confined to the strength of girders under transverse 
strain. Navier* gives ^th of the breaking weight as the safe load in 
practice. Francis,! an American engineer, also gives ^th ; while 
Morii4 adopts ^th. My present opinion is that cast-iron pillars 
supporting loads free from vibration, such as water tanks, will safely 
carry ^th of their breaking weight. In factories or stores, where 
moderate vibrations occur, the working load should not exceed ^th ; 
and if the pillar be liable to transverse stndns, or severe shocks, 
like those on the ground floors of warehouses, where loaded waggons 
or heavy bales are apt to strike against them, the load should not 
exceed -^tii of the breaking weight, or even less in some cases, 
where the strength of the pillar depends rather on the transverse 
strain to which it is liable than the weight it has to support. 
For instance, the effect of wind on a light open shed, supported by 
pillars, may produce a transverse strain which will be very severe 
in proportion to the weight of the roof The same thing may occur 
if heavy rolling goods, such as provision kegs or loaves of sugar, 
are piled up in such a manner as to cause horizontal pressure, like 
that of a liquid. It is also necessary to take into consideration the 
foundations on which the pillars rest, for if these yield unequally, one 
pillar may sustain much more than its proper share of load (S58). 
When struts are required in machinery, wrought-iron has generally 
superseded cast-iron. A^hen, however, the latter material is 
adopted it is well that the working load sliould, at all events, not 
exceed -j^th of the calculated breaking load. 

S14, "4" <^^ H 0luiped plUanu — ^A cast-iron pillar of the 4- 
form of section, *'as in the connecting rod of a steam engine, the 
ends being moveable, is very weak to bear a strain as a pillar; and 

* R6$mn4 des Lefom tur VappUoation de la MScanique, p. 204. Bnizelles. 1889. 
i On the Strength of Cast-iron PUlarg, p. 17. New York. 1865. 
t JUwistance des Mat4riaux, p. 106. 
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indeed less than half the strength of a hollow cylindrical pillar 
of the same weight and length, rounded at the ends." The ratio of 
the strength, according to Mr. Hodgkinson*s experiments, was as 
17,578 to 39,646.— PAtV. Trans., 1857, p. 893.— iSay. Bes., p. 350. 

A cast-iron pillar of the H form of section with rounded ends 
was found to be ''considerably stronger than the preceding, but 
much weaker than a hollow cylinder of the same weight.*' The 
ratio of the strength, according .to Mr. Hodgkinson's experiments, 
was as 29,571 to 39,645.— PAt7. Tram., 1840, pp. 413, 449. 

S15. Rowifl^ flqsarej and trUuiffolar pillars. — From a com- 
parison of Mr. Hodgldnson's experiments it appears that long solid 
square cast-iron pillars are about 60 per cent, stronger than solid 
cylindrical pillars of diameters equal to the sides of the squares. — 
Phil. Trans., 1840, pp. 431, 437. Solid triangular pillars of cast- 
iron with flat ends are somewhat stronger than those with either 
circular or square sections. '^ It appears that the strengths of {long) 
circular, square, and triangular solid pillars of the same quality, 
weight, and length, vary as 55,299, 51,537, and 61,056, the last 
being the strongest.*" — Phil. Trans., 1857, p. 893. Reducing these to 
a more convenient standard, their relative strengths are as follows : — 
Long solid round pillar, .... 100 
square „ . .93 

triangular,, .... 110 

WROUGHT-IRON. 

Sl^ For the laws of wrought-iron tubular pillars we are again 
indebted to Mr. Hodgkinson. The following are the chief results 
of his experiments, made both at the commencement and during 
the progress of the Britannia and Conway tubular bridges.* 

817, CinfllifaMr irtreBirtIi of wroaiflit-iron. — Wrought-iron is 
crushed (t.«., bulged) with a compression of 16 tons per square inch, 
and when the pressure exceeds 12 or 13 tons, wrought-iron, "in 
most cases, cannot be usefully employed, as it will sink to any 
degree, though in hollow cylinders it will sometimes bear 15 or 16 
tons per square inch.'* — Rep., p. 121. 

819. Reslfltoace of loa^ plates to flexure. — A plate may be 
regarded as a number of squaae pillars placed side by side. It will 

* Report of ike ComnUuioners appointed to inquire into the application of Iron to 
Railway Strvctwree^ 1849. Also, ClarJc on the Tubular Bridget. London. 1850. 


1* 


210 COMPBBSSION AND PILLARS. [CHAP. XIII. 

therefore follow the laws of pillars as far as deflisxion at right angles 
to its plane is concerned. The ultimate resistance of long plates to 
Jleaure is nearly as the cube (2*878 power) of the thickness into the 
breadth, and inversely as the square of the length. This con- 
clusion was derived from plates which were so long as to yield 
with strains varying from 1 to 9 tons per square inch ; probably it 
holds good only when their length exceeds 60 times their thickness. 
K, however, the plates form the sides of a tube the rule does not 
apply, since they yield in that case by buckling, not by flexure, 
being held in the line of thrust by the adjacent sides which enable 
them to bear a greater strain than if not so supported along their 
edges.— i2«p., pp. 119, 120, 121. 

810. fSirenirA of wromgUMrou tuhem IndepoideBt of 
len^h wlibiii certain limlta.— When the length of wrought- 
iron tubular pillars does not exceed 15 or 20 times their width, 
they fiul by bulging or buckling of the plates, not by flexure of 
the pillar, and within this limit the strength of the tube is nearly 

independent of its length. — Rep., pp. 121, 163. 

9MO. strength per flquare ineh of wronn^t-lron tuhem 
depends npon tbe ratio between the tUekneM of the plate 
and the width of the tnbe. — Of rectangular tubes of uniform 
thickness none but those which had thick plates compared with the 
width of the tube (not less than one-thirtieth of the width) resisted 
with 12 tons per square inch, but hollow cylinders gave better 

results, some attaining the limit of 16 tons. — Rep.,, p. 121. 

m* Ronnd and reetan^alar tahnlar plUani eoHipared — 
fitronipest flmn of reetanf^alar cell — Safe irorklnff load. — 

Bound tubular pillars of uniform thickness are in general stronger 
than rectangular tubes of uniform thickness, and the crushing 
unit-strain of these latter is greater the thicker the plates are in 
proportion to the width of tube. It is to be regretted that the relation 
between the thickness of the plate and the lateral dimensions of 
the tube, on which the laws of buckling seem to depend, was 
not fully investigated. In most of those rectangular tubes which 
sustained a compression of 10 tons per square inch or upwards, the 
thickness of the plate was about i^th of the breadth of the 
tube. In one experiment a square ^ube, 8 feet long, 18 inches in 
width, of i-inch plates united* by angle-irons at the comers, 
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suBtained a compressiye strain of 13*6 tons per square inch.* 
Unfortunately there were no further experiments made on tubes 
thus strengthened at the angles. From this experiment, and from 
one made during the construction of the Boyne Viaduct to test the 
strength of a braced pillar (see Appendix A), I infer that the 
strongest form of rectangular cell to resist buckling is one in whose 
angles the chief part of the material is concentrated, making the 
sides thin plates, or lattice work, merely sufficient to withstand 
flexure of the angles, in which case tiie thin plates act the part of 
the web, and the angles act as the flanges of a girder. 

The working load on wrought-iron pillars should not exceed :^th 
of their breaking weight, or ^th if subject to shocks like the jib of 
a crane. In machinery, where there is rapid reciprocating action, 
as in the pbton rod of a steam engine, tiie working strain should 
not exceed -g^th of the breaking weight. 

STEEL. 

MB. CnudiiBv 0treiiffth of emmiHfUA — The followii^ 
table contains experiments on the crushing weights of cylinders of 
cast-steel by Major Wade, U.S. Army: — f 

TABLE yi^^BUBHnra Bvbivoth ov Cabt-btbui. 


KlndofCart^tod. 

Na 

of 

Stm- 

pie. 

Lngtb. 

DiaaMMr. 

Gnnhtaig 
weight per 
MpMratiieh 

of eecaoo. 

Not hiidened, ..... 

1 

1-021 

-400 

lbs. 
198,944 

Hardened ; low temper ; chipping chisels. 

2 

'995 

-402 

354,544 

Haidened ; mean temper ; taming tools, 

3 

1-016 

•403 

891,985 

Hardened; high temper; tools for taming hard steel, 

4 

1-006 

-405 

872,598 


Non. — ^All the samplee of steel tested were cat from the same bar. No. 1 remained 
tmcfaanged, as made at the steel factory. Nos. 2, 8, and 4, were all hardened, and the 
temper afterwards drawn down in diffsrent proportions. 

• Clark, p. 864. 

t BupcfrU of Sxperimints on the Strength and other Propertiee of MetaUfor Ckamom, 
by Offioen of the Ordnance Department, U.S. Army, p. 258. Philadelphia, 1856. 
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DIFFERENT METALS. 

SM. CnuiliiBff fftrem^^h of copper^ brass^ Un, and lead. — 

The following table contains experiments by Mr. G. Rennie on the 
crushing strength of ^ inch cubes of different metals. — Phil. Tratia.y 
1818, p. 126. 

TABLE VII. — CBDBHiNa Stbevoth or Different Metals. 


DetcripUcm of MetaL 

Cnuhing Weight 
on a 1 inch Cube. 

Cast copper cmmbled with ..... 
Fine yellow bran reduced -^i^h, with .... 

Do. do. 4} ^^ .... 
Wronght-copper reduced i^th, with .... 

Do. do. 1th, with ... 
GiiBt>tm do. t^th, with .... 

Do. do. ird, with .... 
Cast-lead do. i with .... 

lbs. 
7818 

8218 

10804 

8427 

6440 

552 

966 

488 


Alluding to these ductile metals, Mr. Rennie observes : — '* The 
experiments on the different metals give no satisfactory results. 
The difficulty consists in assigning a value to the different degrees 
of diminution. When compressed beyond a certain thickness, the 
resistance becomes enormous.*' 


[ 


TIMBER. 

894. I4»9 plUanu— The strength of long round or square 
timber pillars is, from Mr. Hodgkinson's experiments, nearly as the 
fourth power of the diameter or side, divided by the square of the 
length,— Phil Trans., 1840, p. 425. 

8M« li^laare the stroni^est fbrm of rectansular pillar. — 
" Of rectangular pillars of timber it was proved experimentally that 
the pillar of greatest strength, where the length and quantity of 
material is the same, is a square." — Exp. Res., p. 351. 

896. CnuOiinff fftrenirth of timber— Wet timber not half 
0O strong am &rj. — The following table contains the results of 
experiments, by Mr. Hodgkiuson, on the crushing strength of 
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various kinds of timber, ^' the force being applied in the direction 
of the fibre."— PAtX Trans., 1840, p. 429. 

TABLE YIII. — Cbubhino Stbikoth of Tdibeb. 



Crnnhlng Weight per 

*^ ^ ^ ■_ . A • _ * ■•• _ _ ^ 

Bqamre inch of Section. 

DMctiptton of Wood. 




Wood In the 

Wood 
Tory dry. 


ordinary state 
of dryneea. 


Ibe.' 

ttka. 

Alder, . - - - . 

6881 

6960 

Aflh, - ; . . 


868a 

9368 

Baywood, 


7618 

7518 

Beech, - 


7788 

9863 

Birch, American, 


• • • 

11663 

Birch, Engliflh, 


8297 

6402 

Cedar, .... 


5674 

5868 

Crab, 


6499 

7148 

Deal, red. 


5748 

6586 

Deal, white, 


6781 

7298 

Elder, . . . • 


7451 

9978 

Elm, .... 


••• 

10881 

Fir, Spraoe, 


6499 

6819 

Hornbeam, 


4538 

7289 

Larch (faUen two montha). 


8201 

5568 

Mahoffany, 
Oak, Quebsc, - 


8198 
4231 

8198 
5982 

Oak, Engliflh, - 


6484 

10058 

Oak, Dantzic (very dry). 


••• 

7781 

Pine, pitch. 


6790 

6790 

Pine, yellow (foil of turpentine 

'» " 

5375 

5445 

Pine, red. 


5395 

7518 

Pliim, wet, 


8654 

• •• 

Plum, dry, 


8241 

10493 

Poplar, 


8107 

5124 

Sycamore, 

Teak, .... 


7082 

» • ■ 


.«• 

12101 

Wahmt, 


6068 

7227 

WiUow, .... 

2898 

6128 


** The results in the first column were in each case a mean from 
about three experiments upon cylinders of wood turned to be one 
inch diameter, and two inches long, flat at the ends. The wood 
was moderately dry, being such as is employed in making models 
for castings. The second column gives the mean strength, as 
before, from similar specimens, after being turned and kept drying 
in a warm place two months longer. The lengths of these latter 
specimens were, in some instances, only one inch, which reduction 
would increase the strength a little. But the great difierence 
firequently seen in the strength, as given by the two columns, shows 
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strongly the effect of drying upon wood, and the great weakness of 
wet timber, it not having half the strength of dnf^ — a consideration 
of much importance in works under water. 

SW. RoBdelers rule Wn tiailier plUanu — ^Bondelet deduced 
the following rule from his experiments on the compression of oak 
and fir.* Taking as unity the force which would crush a cube, the 
force requisite to break a post whose height is — 


12 times the thickness, wiU be 

- - i 

24 



■ \ 

36 



■ - 4 

48 



- ■ i 

60 



■ - A 

72 



- - it 


Bondelet also found that timber pillars do not begin to yield by 
flexure until their length is about ten times their least lateral 
dimensions. 

S98. WorUiiff load on timber plllam shoold not exceed 
one-tentb of tbeir breaking w^ybt — ^Iio»d at liffbt 
angleo to tbe flbre. — Owing to the liability of timber to decay, 
the permanent working load on wooden pillars should not exceed 
-^th of their breaking weight. For merely temporary purposes, 
however, the working load may be much higher than this, probably 
as high as ^th of the breaking weight. Gtiuthey recommends that 
the pressure on timber at right angles to the fibres should not 
exceed fths of that in the direction of their length.f 

SM Working load on Piles — ^BiHidelet'0 nde — Banblne'g 
nde. — The working load on timber piles, surrounded on all sides by 
the ground, may vary, according to Bondelet, from 427 to 498 lbs. per 
square inch4 Professor Bankine § says : — ** It appears from practical 
examples that the limits of the safe load on piles are as follows : — 

" For piles driven till they reach the firm ground, 1,000 lbs. per 
square inch of area of head. 

" For piles standing in soft ground by friction, 200 lbs. per square 

* Naviar ; R69wm£ de» Lefont tur VappUeatum de la Micanique, p. 200. 
t Morin; BSsittance dea MaiSriaux, p. 72. t Idem., p. 71. 
§ A MamuU of Cfvril Engineering^ p. 602. 
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inch of area of head." Professor Bankine's rule is based on sound 
principles, for the nature of the ground and the resistance which it 
offers to the penetration of the piles have generally more to do with 
their safe working load than the strength of the timber has. As 
far as the latter alone is concerned, we might safely load piles 
surrounded by the ground with ^-th of the crushing weight of wet 
timber, which rule, according to Hodgkinson's experiments, is 
equivalent to ^^th of the tabulated crushing weight of dry timber. 
When, however, piles project above the surface of the ground and 
support a superstructure, they act in the capacity of piUars and their 
strength accordingly should exceed that of piles surrounded by earth. 

STONE, BRICK, CEMENT, AND GLASS. 

S80. Cmslitaiff strenirth of fitone and Brick — Safe worUiiff 
load. — ^The following table contains the crushing strength of stone 
and brick. The working load on brick-work, concrete, and rubble 
masonry, rarely exceeds ^th of the crushing weight of the 
aggregate mass. Cut stone, like the voussoirs of an arch, or in 
pillars, should not be subjected to more than ^th of the crushing 
weight of the stone. Practically this limit is seldom reached. 

TABLE IX. — Cbubhiko Stbingth oi* Stohb and Bbiok. 




Crashing 


Deeeriptlon of Stooe. 

Sp. 

Gravity. 

Weight in 
Ibfliper 
•qnare 

Authority. 

GBAHim. 




Aberdeen, blue kind, .... 

2-625 

10914 

Bennie. 

Peterhead, hard dose grained, • 

• • • 

8288 

» 

Cornish, ..... 

2-662 

6356 

9t 

Killiney, near Dublin, very f elspathic, 

• ■■ 

10780 

Wilkinson. 

Kingstown, do.jgrey colour, 

Bleasington, Co. Wicklow, coane and loosely 

• ■ • 

10116 

>i 




aggregated, - - - - - 

9« • 

8630 

f> 

Newry, slightly syenitio, 

■ • ■ 

18440 

If 

Mount Sorxel granite, . . - - 

2-675 

12861 

Fairbaim. 

Sandstoksb and Gbits. 




Arbroath pavement, . . . - 

■ • • 

7884 

Buchanan. 

Caithness do. - - - - 

«• • 

6493 

i> 

Dundee sandstone or Brescia, - 

2-630 

6630 

Bennie. 

Craigleith white freestone, 

2-452 

5487 

t> 


/ 
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TABLE IX. — Gbushivo Stbsngth of Stojtb and BsnoK^continued. 


Deacriptton of Stone. 

Sp. 
Gravity. 

Cnuhlng 

Weight In 

lbs. per 

square 

inch. 

Authority. 

Sandstovsb and Gbits — continued. 




Bramley Fall, near Leeds (with and against dtrata) 
Derby Giit, a red friable sandstone, - 
Ditto, from another quarry, ... 
Yorkshire paving (with and against strata), • 
Bed sandstone, Bunoom (17 feet per ton), 
Quartz rock, Holyhead (across laiuination), 
Ditto (parallel to lamination), • 

2-606 
2-316 
2-428 
2-607 

• • • 

• • • 
■ • • 

6069 
8142 
4345 
6714 
2186 
26500 
14000 

Bennie. 

L. dark. 
Mallet. 

O0LITB8. 




Portland stone, .... 
Ditto, another specimen, 

2-423 
2-428 

8729 
4670 

Bennie. 

MABBL1& 




Marble, statuary, .... 

Ditto, white statuary, not veined, 

Ditto, white Italian, veined, - 

Ditto, black Brabant, .... 

Ditto, Devonshire red, variegated, 

2-760 
2-726 
2-697 

• •• 

8216 
6068 
9681 
9219 
7428 

Bennie. 
>} 

9t 

LtHISTONSB. 




Limestone, compact, - • . . 
Ditto, blade compact^ Limerick, 
Ditto, Purbeck, . . . - 
Ditto, Anglesea (13} cubic feet per ton). 
Ditto, Kerry, Ijistowel quarry, 
Ditto, King*s County, Joallyduff quarry, near 
TuUamore, ----- 
Ditto, KUdare, near Athy, 
Ditto, Dublin, Finglas quarry, 
Chalk, 

2-684 
2-598 
2-699 

• •• 

• • ■ 

• • • 

• a • 

• ■ » 

• • • 

7713 
8865 
9160 
7679 
18048 

11340 

14360 

16940 

601 

Bennie. 

it 

L.Clark. 
Wilkinson. 

tf 

>f 

tt 

Bennie. 

Slatxs. 




VaLentia^ Kerry, .... 
Killaloe, Tipperary, .... 
Wicklow, Glanmore, - . - - 

■ • • 

• • • 

• ■ 9 

10943 
20860 
16170 

Wilkinson. 
tt 
ft 

• 

Basalts. 




Whinstone, Scotch, .... 
Greenstone, from Giant's Causeway, • * - 
Grauwacke, from Penmaenmawr, 

• • • 

2-748 

8270 
17220 
16893 

Buchanan. 
Wilkinson. 
Fairbaim. 

Bbioks. 




Pale red, - - . . . 
Bed bride, ..... 
Yellow-face baked Hammersmith paviors, 

2-086 
2-168 

« • ■ 

662 

808 
1002 

Bennie 

tt 
tt 
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TABLE IX. — GBUSHuro Stbinoth or Stoni ahd BRKX—conHnued. 


DUCllptlOIl of St(ID6k 

Sp. 
Gnylty. 

Cnuhing 

Weight in 

IbSbper 

•qnare 

inch. 

Anthoilfcy. 

Bbigkb — conUimed, 

TeUow-£M)ed burnt Hammenmith pavioiBy 
Fire brick (Stourbridge) 
Bridcwork set in cement (bricks not ol » bard 
deecripton) . - . - . 

• •• 
■ • • 

• • • 

1441 

1717 

621 

Bennie. 
L. Cbrk. 


Buchanan, see Practical Mechanic** Jawmal^ YoL ii., p. 286. 

L. Clark, see The BriUmnia and Conway Tubular Bridget, p. 806. 

FairiMim, see The Application of Iron to Building Pwrpaee, 1868, p. 188. 

Mallet, see PkUoeophioal Trannelioni, 1862, p. 671. 

Bennie, see PhUoaophioal Tramactionty 1818, p. 181. 

Wilkinson, see Practical Geology and Andent Architecture of Ireland, 

Ml.^Stone. — In Mr. Clark's experiments *' the sandstones gave 
way suddenly^ and without any previous cracking or warning. 
After fracture the upper portion generally retained the form of an 
inverted square pyramid, very symmetrical, the sides bulging away 
in pieces all round. The limestones formed perpendicular cracks 
and splinters a condderable time before they crushed." Mr. Sennie 
observes, '' it is a curious fact in the rupture of amorphous 
stones, that pyramids are formed, having for their base the upper 
side of the cube next the lever, the action of which displaces the 
ndes of the cubes, precisely as if a wedge had operated between 
them." Mr. Wilkinson remarks (p. 347), '* The results of the cubes 
experimented on, show the strongest stones to be the basalts, 
primary limestones, and slates. Of the limestones, the primary 
limestones and compact hard calp are the strongest ; and the light 
dove-coloured and fossiliferous limestones are among the weakest. 
The strength of the sandstones, like their mineral aggregation, is 
very variable." Besides the results given in the foregoing table, 
Mr. Wilkinson^s book contains a very extensive series of experiments 
on the transverse and crushing strengths of Irish stones. 

MS. CriuliiDir strenirA of Portbnd C^en^it and Hortar. — 
The following table contains the results of experiments by Mr. Grant 
on the crushing strength of Portland cement and cement mortar.* 

• Proceedings of the Institution of Civil Engineers, Vol xxv., p. 97. 
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TABLE X. — CausHiKa Stbbnoth of Pobtlakd GsiourT 

AND OniBNT MOBTAB. 


Description of Cement or Mortar. 


Neat PorUand cement, - 
1 Portiand cement to 1 pit sand, 
ditto 2 ditto, 

ditto 8 ditto, 

ditto 4 ditto, 

- ditto 5 ditto, 

Neat Portland oement^ • 
1 Portland cement to 1 sand, • 
ditto 2 ditto, - 

ditto 8 ditto, • 

ditto 4 ditto, • 

ditto 5 ditto, - 

Neat Portland cement, - 
1 Portland cement to 1 pit sand, 
ditto 2 ditto, 

ditto 8 ditto, 

ditto 4 ditto, 

ditto 5 ditto. 


If 

CO 


11 


Cradling 

Weight In 

lbs. per 

square 

inch. 


I 


^g 

BB 




8795 
2491 
2004 
1486 
1881 
959 
5888 
8478 
2752 
2156 
1797 
1540 
5984 
4561 
8647 
2898 
2208 
1678 


In Mr. Grant's experiments the Bpecimens were made into bricks 
9" X 4'25'' X 2-75", and exposed to the pressure of a hydrauKc 
press on their flat surface of 9" X 4'25^'= 38*25 square inches. The 
results would doubtless have been somewhat different if thej had 
been cubes — probably a little less, at least for pure cement, than the 
figures in the foregoing table (990). Each specimen showed signs 
of giving way with considerably less pressure than that which 
finally crushed it, the ratio of the weight which produced the first 
crack to that which finally crushed being nearly as f . 

888. Criuliiiiir Btrensth of C^lmw. — The following table con- 
tains the crushing strength of glass from experiments by Messrs. 
Fairbairn and Tate.* 

TABLE XI.— CBUSHiira Stsbngth of Glass. 


Kind of GlMS. 

Sp. 
Gravity. 

Crushing 

Weight In 

lbs. per 

aqnare 

inch. 

Best flint glasB annealed rod, drawn out when 

molten to the diameter required, • 
Common green glaas ditto ditto, 
White crown glass ditto ditto, 

8-0782 
2-5284 
2-4504 

27582 
81876 
81008 


* Philosophical Trantactions, 1859, p. 218. 
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On these experiments Messrs. Fairbairn and Tate observe (p. 
221), '* The specimens were crushed almost to powder from the 
violence of the concussion, when they gave way; it, however, 
appeared that the fractures occurred in vertical planes, splitting 
up the specimen in all directions; cracks were noticed to form 
some time before the specimen finally gave way ; then these rapidly 
increased in number, splitting the glass into innumerable irregular 
prisms of the same height as the cube; finally, these bent or 
broke, and the pressure, no longer bedded on a firm sur&ce, 
destroyed the specimen." Some cubes were cut from the centre of 
large lumps of glass, and crushed. Their resistance was less than 
that of the drawn rods in the ratio of f , possibly because the external 
skin was removed, and also because they were less perfectly 
annealed than the drawn rods (SHO). 

M4. bilaeBee of the heUrM aad niunbcr of eoomei in 
•ione eoloBuis. — Yicat found, from experiments on plaster 
prisms, that the strength of a monolithic prism, whose height is 
A, being represented by unity, we have the strength of prisms: — 
Of 2 courses and of the height h = 0*930 
Of 4 „ „ 2A = 0-861 

Of 8 „ „ 4A = 0-834 

even without the interposition of mortar. He concludes that the 
division of a column into courses, each of which is a monolith, with 
carefully dressed joints and properly bedded in mortar, does not 
sensibly diminish its resistance to crushing; but he intimates that 
this does not hold good when the courses are divided by vertical 
joints.* 

8M. MaTler'0 Rules. — The following practical rules are given 
by M. Navierf as the results of experiments made by Duleau, 
Lamand^, Bondelet, Girard, Bennie, and others: — 

Cast-iron, — The force requisite to crush a short piece whose 
height equals once or twice the thickness, ought to be reduced to 
§rds when the length is equal to 4 times the thickness, to ^ when 

* Morin. R6n$Utnce dea MaUriavuR, p. 76. 

t R4mmi det Lef(m$ tur Vapplieaium de la mSeanigue d VSUtblinement de$ camlrue- 
tions, p. 204. Bruasela edition, 1889. 
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the length is equal to 8 times the thickness, and to -|^th when 
the length is equal to 36 times the thickness. 

Wrought-iron. — The crushing strength of short pieces should 
be reduced to fths when the length is equal to 12 times the 
thickness, and to ^ when the length is equal to 24 times the 
thickness. 

Timber. — The crushing strength of short pieces should be 
reduced to |tlis when the length is equal to 12 times the thick- 
ness, and to ^ when the length equals 24 times the thickness. 

In practice^ the breaking wdght obtained by the foregoing rules 
should be reduced to about ^th for wooden pillars and to ^th or 
^th for wrought or cast-iron. 

SM. Crasbiiiip strenffth «r RoUen anil Sphercs.-T-From M. 
Yicat's experiments it appears that the strength of cylinders em- 
ployed as rollers between two horizontal planes is proportional to the 
product of their axis by the diameter. The strength of spheres to 
resist crushing is proportional to the square of their diameter. If 
the strengtii of a cube be represented by unity, that of the inscribed 
cylinder standing on its base will be 0*80 ; that of the same cylinder 
on its side will be 0*32 ; and that of the inscribed sphere will be 
0-26.* 

BRACED PILLARS. 

M9. btemal toracinv — Examfrte. — ^One of the chief practical 
difficulties which occur in bridges of large span is the combination 
of lightness with stiffness in long struts, such as the compression 
bars of tiie web. The arrangement represented in Fig. 89 is a 
modification of the bracing so familiar in scaffolding. It is now 
frequentiy used for the compression bars of lattice ^rders, and as 
it unites the requisite quaUties of strength and lightness in an 
eminent degree, it is worth deyoting some space to investigating 
the nature of the strains in this form of pillar. 

The diagram represents the cross section and side elevation of a 

* RStiiianee des MaUriauXf par Arthur Morin, pp. 75, 82. 
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Fig. 80. 


lattice tabular girder of aimple conBtructioii. The ten»OD dii^onalo 
(marked T,) mterseot the compreBsioa diagonals (marked C,) at 
moderate interralB, and keep them from deflecting, espedall; in 
the plane of the girder. It is obvioua, however, that long com- 
presaon ban, even though formed of angle or f iron, have but 
little stiffiieas in themselves, and we cannot trust to the tension 
bars keeping them in the line of thrust at right angles to the 
former direction, for the tension bars may not always be in a suffi- 
aent state of stnun (155). Hence it is desirable, at least in long 
[nllars, to connect each pur of compresnon bars by internal cross- 
bratnng, as shown in the section. , 

The strains to which this braced 
-' ' pillar is subject may be investigated 

in the following manner, which, though 

rude, is yet euffidently approximate 

for practioal purposes : — 

Let Fig. 90 represent a pillar which 

has become deflected &om the weight 
I resting more on one side than on the 

I other, or from defective construction, 

or from accident. 
Let W = the weight resting on one 

side, 

jy = ab = the deflection in 

the interval of two bays, 

I =: Wa s: ac =s the length 

of one bay, 
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B = the radius of curvature of the deflected pillar, 

P = the resultant of the strains in Wa and a<^ t.e., the 

nearly horizontal pressure produced on the two 

braces intersecting, at a, in consequence of the 

weight being transmitted through a curved pillar. 

At the apex a, 3 forces balance, viz., the nearly vertical pressures 

(each = W) in the two adjacent bays, and their resultant P. 

2DW P 

Hence we have P = — - — , but D = -^,' therefore 

P = 5^ (219) 


The pillar may therefore be regarded as a girder, each of whose 
flanges is subject to a longitudinal pressure equal to W, besides 
having a weight P resting on each apex. Hence the strains in the 
bracing may be found by the methods already explained in Chap- 
ters VI. and VII. If the pillar have a tendency to assume an S 
form, the stndns developed in the internal bracing in one loop of the 
curve may, to some extent, neutralize those produced in the other. 
If, however, the pressure on one side exceed that on the other by 
any known or assumed quantity, then their difference of length 
and the corresponding deflection may be obtained as explained in 
the chapter on deflection, but in practice errors of workmanship will 
almost always exceed the amount of deflection produced by a 
difference of pressure, and experience must dictate the requisite 
allowance. Let, for example, a pillar with internal bracing, com- 
posed of two systems of right-angled triangles, similar to that 
represented in Fig. 89, be 30 feet long and 2 feet wide, and let 
each bay be 2 feet in length, in which case there will be 15 bays 
in each side, and let the total load on the pillar = 40 tons, or 20 
tons on a side. Now suppose that the maximum error of work- 
manship amounts to half an inch deflection in the centre of the 
pillar, in which case B will equal 2700 feet, then the pressure P, 
produced at each apex by a vertical pressure of 20 tons on each 
side of the pillar is as follows : — 
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As there are 14 apices in each system of bracing, i.e.^ 7 on each 
side, the strain in each of the end braces = 

= 328'6 lbs., eq. (118). We thus see that the strain in the 
internal bracing is comparatively trifling, and that the difficulty of 
providing against flexure in long compression braces is not so 
formidable as might have been supposed. 

8S§. liOnsttadinal strains in liraeed pillara dne to internal 

liraeini^. — It will be observed that the internal bracing develops 

longitudinal strains in the side bars at each apex. These increments 

are, however, insignificant compared with the pressure of the 

weight. 

M0. Baelft Ibay of liraeed pillara re«einlile« a pillar irlth 
ronnded ends. — Compression flanges of sfrders reseniMe 

braeed pillars. — In braced pillars the side bars must be made stiffs 
enough to resist flexure for the length of one bay between the apices 
of the internal bracing. Each bay cannot, however, be regarded as 
a pillar of this length firmly fixed at the ends, but rather as one 
with rounded ends, since it might assume a waved form like the 
letter S, consecutive bays deflecting in opposite directions. This 
remark also applies to the compression flanges of girders. The vertical 
webs preserve them from deflecting in a vertical plane; the cross 
bracing between the flanges performs the same service in a hori- 
zontal plane, and the compression diagonals, especially if they are 
braced pillars, also convey a large share of rigidity from the tension 
flanges and roadway to the compression flanges. The fiulure of 
the latter, therefore, as far as flexure is concerned, is thus confined 
to the short length of one bay. 

840. Strength of liraeed pillars independent of length 
within eertain limits. — ^From Hodgldnson's experiments on 
plate-iron tubular pillars (810), it seems highly probable that the 
strength of braced pillars is also within considerable limits inde- 
pendent of their length, for internal bracing will generally be made 
somewhat stronger than theory alone might require. 
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CHAPTER XIV. 

EXTENSION. 

841. Tensile strain. — ^The tendency of tensile strain is to draw 
the material into a straight line between the points of attachment, 
and, unless its section alter very suddenly or the mode of attach- 
ment be defective so as to produce indirect strain, each transverse 
section will sustain a uniform unit-stndn throughout its whole area ; 
eq. (1) is, therefore, applicable to ties without any other practical 
correction than this, that if the material be pierced with holes, such 
as rivet or bolt holes in iron, or knots in timber, the effective area 
for tension in any transverse section is not the gross, but the net 
area which remains after deducting the aggregate area of all the 
holes which occur in that transverse section. 


OAST-IBON. 

849. T«0Ue strenfftli. — The following table contains the 
results of Mr. Hodgkinson*s experiments on the tensile strength 
of various kinds of British cast-iron.* Those samples whose specific 
gravities are given are the same irons as those whose crushing 
strengths have been already stated in Table lY . (S08). 

TABLE I.— TiKBiLa Stbxhoth ov Gajbt-Ibon. 


Deaeilptlon of Iron. 


Spedflc 
Gravity. 


Tearing Weight 

per ■qnare Indi 

of Section. 


Carron (ScotUod) Iron, No. 2, hot bUst, 
Ditto, do., cold blast, 

Ditto, No. 8, hot Uart, 

Ditto, do., cold blast, 

Devon (Scotland) Iron, No. 8, hot blast, 
Baffiary (near Birmingham) Iron, No. 1, hot blast, 
Ditto, do., cold blast, 


lbs. 
18,505= 

18,683= 

17,755= 

14,200= 

21,907= 

13,434= 

17,466= 


tons. 
608 

7-45 

7-98 

6-35 

9-78 

6-00 

7-80 


* Bxpermentdl Betearchei on the Strenffth and other Propertiet of Oaet-Iron, by 
Eaton Hodgkinson, p. 810. Also, lUport of the Commdesionen appointed to inquire 
into the applieaHon of Iron to RaHwa^ Strueturea, 1849, p. 9. 


CHAP. XIV.] 


SXT£N8IOK. 


225 


TABLE I.— TiNBiLi SnavoTH or Cast-Iboit— amOmiiimI. 


DoMilptloD of Iran. 


Spedfle 


Tearing Welgiit 
per aqiure inch 


Goed-TUon (North Wales) Iron, No. 2, hot blast. 
Ditto, do., oold blast, 

Low Moor (Yorkshire), No. S, 
luxtnTB of Iron, ■ • 
Low Moor Iron, No. 1, • 
Ditto, No. 2, - 
ayde Iron (SootUmd), No. 1, 
Ditto, No. 2, 

Ditto, No. 8, 

Blaenayon Iron (Sonth Wales), No. 1, 

Ditto, No. 2, first sample^ 

Ditto, No. 2, second sample^ 

Oalder Iron (Lanarkshire), No. 1, 
Goltness Iron (Edinburgh), No. 8, 
Brymbo Iron (North Wales), No. 1, 
Dittos No. 8, 

Bowling Iron (Yorkshire), No. 2, 
Ystalyfera Anthradte Iron (Sonth Wales), No. 2, 
Ynisoedwyn Anthracite (South Wales), No. 1, 
Ditto, No. 2, ... 


7-074 
7-048 
7-061 
7-098 
7101 
7-042 
7118 
7-061 
7-026 
7-024 
7-071 
7087 
6-989 
7119 
7084 
7018 


lbs. 
16»676= 

18,866= 

14,686= 

16,642= 

12,694= 

16,468= 

16,126= 

17,807= 

28,468= 

18,988= 

16,724= 

14,291: 

18,786- 
16,278: 
14,426: 
16,608: 

18,611: 
14,611: 

18,962: 
18,848^ 


tons 
7-46 

: 8-40 

I 6-60 

: 7-89 

: 6-667 

= 6iM)l 

: 7198 

r 7*949 

10-477 

: 6-222 

^ 7-466 

: 6-880 

: 6-181 

: 6-820 

: 6-440 

: 6-923 

: 6-082 

: 6-478 

: 6-228 

= 6-969 


Mean of the foregoing 27 irons, 


16,679= 7-00 


Mr. Morries Stirling's Iron, denominated 2nd quality,* 
Mr. Monies Stiriiug's Iron, denominated 8rd qaa]ity,t 


7166 
7108 


26,764=11*602 
28,461=10-474 


* Oomposed of Calder, Na 1, hot blast, mixed and melted with abont 20 per oent. 
of malleable iron sorap. 

t Composed of No. 1, hot blast, Staflfordshire iron, from Ley's works, mixed and 
melted with about 16 per oent. of oommon malleable iron scrap. 
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848. CJold-likMt stronger than hoi-likMt Iron. — On compar- 
ing the tenacity of hot and cold-blast iron in the first part of the 
foregoing table, it will be observed that, with one exception, the 
cold-blast irons are stronger than the hot-blast irons of the same 
make. This is confirmed by experiments made in the United 
States, where, since 1840, hot-blast iron has been condemned for 
ordnance purposes.* 

844. RcHOieliiBirf wtthiii eertain limits^ increases the 
stren^tli and density of east-Iron. — Be-melting cast-iron seems 
to have an important effect in increasing its density as well as 
in improving its tensile and transverse strength, as appears firom the 
following experiments by Major Wade on proof bars of No. 1 
Greenwood pig-iron thrice re-meltedf: — 

TABLE II. — ^ExFisnaNTB on the TmsiLi avd Tbahsvibsb Stbhtoth or 

Ri-MsunBD Gabt-iboh. 


^ 



Dendty. 

inlta. 
per aqpure inch. 

\ 
Tranannd ^ 

strength, 

StnIb«.(M). * 

V 

Grade pig iron. 

7-082 

15129 

5290 

Do. re-melted onoe, 

7-086 

21844 

6084 v" 

Do. do. twice, - 
Da do. three times, • 

7-198 
7-801 

80107 
85786 

7822 J V . 
9448 <Vy 


\v^ 


V 


In summing up the results of his experiments on re-melting 
cast-iron Major Wade observes, '* the softest kinds of iron will 
endure a greater number of meltings with advantage than the 
higher {more decarbonized) grades, and it appears that when 
iron is in its best condition for casting into proof bars of small 
bulk, it is then in a state which requires an additional fusion to 
bring it up to its best condition for casting into the massive bulk 
of cannon. In selecting, and preparing iron for cannon, we may, 
therefore, proceed by repeated fusions, or by varying the propor- 
tions of the different grades, until the maximum tenacity in proof 

* Report on the Strength and other ProperUet of MetaU for Oanmon, By Offioera of 
the Ordnance Department U. 8. Army. PIdladelphia, 1856, p. 88Sk^ 
t Ihid, pp. 242, 249. 
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is attained, the iron will then be in its best condition for being 
again melted and cast into cannon." 

Experiments made by Mr. FairlMum, for the British Association, 
though on a much more limited scale than those by Major Wade, 
also prove the advantage to be derived from repeated fusions.* 
One ton of No. 3 Eglinton hot-blast iron was melted 18 times 
successively, each time under similar conditions of fusion; proof 
bars, 5 feet long and 1 inch square, were cast each time, and broken 
by transverse strain, the distance between the supports being 4 feet 
6 inches. The results are given in the following table: — 

TABLE III. — ExprnncsNTS ov thx Trahbtibsi avd CBUSHnfo SntnoTH of 

Bl-MILISO OAflT-ntOV. 


No. of 
meltfnga. 

Spedflc' 
graTlty. 

Mean breaUnflMrelglit 

of bars ozictly 1 in. 

square, and 4 feet 6 

inches between 

Mean ultimate 

deflection in 

inches. 

Power to resist 
impactk 

Resistaoce to 

oompresrion in 

tons per square 

Inch. 



•upportB, in lbs. 



1 

6-969 

490-0 

1-440 

706-6 

44-0 

2 

6-970 

441-9 

1-446 

680-9 

48-6 

8 

6-886 

401-6 

1-486 

596-7 

41-1 

4 

6-988 

418-4 

1-260 

620-8 

40-7 

6 

6-842 

481-6 

1-608 

648-6 

41-1 

6 

6-771 

488-7 

1-820 

. 679-0 

41-1 

7 

6-879 

449-1 

1-440 

646-7 

40-9 

S 

7026 

491-8 

1-768 

861-2 

411 

9 

7102 

646-6 

1-620 

886-8 

65-1 

10 

7-108 

666-9 

1-626 

921-7 

67-7 

11 

7-118 

661-9 

1-686 

1066-5 

69-8 

12 

7-160 

692-1 

1-666 

11630 

781 

13 

7134 

684-8 

1-646 

1044-9 

66-Ot 

14 

7-680 

603-4 

1-618 

912*9. 

96-9 

15 

7-248 

871-1 

0-648 

238-6 

76-7 

16 

7*880 

861-8 

0-666 

198-6 

70-6 

17 

Lost. 

• « • 

... 

... 

• • ■ 

18 

7-886 

812-7 

0-476 

148*8 

88-0 


In Mr. Fairbaim's experiments the transverse strength increased 
up to the 12th melting, after which it fell off in a marked degree. 

845. Proloiic«d ftulon* wtthlii certain llmltoj iBcreases 
the Btrem^h and density of ea»t-iron. — The improvement due 
to prolonged fusion is shown by the following experiments by 
Major Wade on Stockbridge iron of the 2nd fusion. — Rep.^ p. 44. 

* AppUctUion of Iron to Building PurpoHSj p. 60. 

t The cube did not bed properlj upon the steel pUtes, otherwise it would have 
resisted a much greater force — probably 80 or 86 tons per square inch. 
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TABLE IV.— ExPXBDCXiiTB ov PsoLoiraBD Fusion. 


Dendty. 

Tendle ftaPengUi in 
Ita. per square inch. 

1 

TVuitTene •traogili, 
SinIlML(64). 

Iron in 

f naion | hoar, 

7-187 

17,848 

7,126 

Do. 

do. 1 „ 

7-217 

20,127 

8,778 

Do. 

da IJ „ 

7-250 

24^887 

10,088 

Do. 

do. 2 „ 

7-279 

8i,49« 

11,614 


On this subject Mr. Truian makes the follovring observa- 
tions* : — 

** The compositioD of the original grey pig-iron doubtless in- 
fluences, in a very great measure, the amount of improvement 
obtained with different periods of fusion. A refining of the iron 
takes place; and the quantity of alloyed matters oxidized and 
removed will vary with the character of the pig-iron. Carbon is a 
principal ingredient in cast-iron ; and a long exposure, equally with 
repeated meltings, offers a ready method of bumiDg it away. The 
reverberating column of gases in the re-melting furnace contains a 
proportion of free oxygen, which combines with the carbon to form 
carbonic add ; but since the oxygen is in contact only with the 
surface of the metal, its removal requires numerous fusions, or the 
maintenance in fusion for a long period. Repeated fusions of the 
iron are attended with a heavy waste of material, which goes far to 
compensate for the increase of strength. The tensile strength, 
as influenced by the size of the masses and rapidity of cooling, 
varies with the condition of the iron previous to casting. If 
the refining process, by lengthened fusion or numerous re-melt- 
ings, be carried too far, the resulting product will be of a hard, 
brittie quality ; and when cast into small articles, be chilled to 
that extent as to be incapable of working with steel cutting-tools. 
Cast into larger articles, however, and cooled more slowly, a 
mftTimnm tenacity may be developed, and the texture of the iron 
be found of a character to bear cutting-tools on its surface. Con- 
tinuing the operation too long also produces a thickening of the 

* The Ut^ul Mdali and iheir AUajft, pp. 215, 217. London : 1857. 
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molten iron, until it is of too great a consistence for the proper 
filling of the moulds, and the preyention of air cavities in the body 
of the casting. The burning away of the carbon is attended with 
a loss of fluidity ; and this defect occurring, there is no remedy 
short of introducing further portions of the original crude iron, to 
restore, by mixing, a certain degree of fluidity." 

846. TenflUe strenfrtl^ of thick ea^iings of hlgUy deeai^ 
honiaed iitm i^r^ater ihmm ihm$ of tldn oneo — ^JLnnealiiiir cast- 
Inm dimlnUihefl Its density and tmsile strenytli. — ^It has been 
already shown (819) that the transverse strength of thin castings 
exceeds that of thick ones, and it might naturally be thought that 
this was always due to greater tensile strength in the smaller castings. 
This, however, seems to be disproved by the following experiments 
by Major Wade, of the United States army, who found that small 
castings in vertical dry sand moulds had a less tensile strength than 
large gun castings similarly moulded and cast at the same time.* The 
diminution of strength in the smaU bars amounted to nearly 5 per 
cent., while their transverse strength was 14 per cent, greater than 
that of bars cut from the guns, as is shown in the follovring table: — 

TAB LB V.-^Ck)ifPABi80N ov Pboov Babs out fbom ths body or thb Guv, witb 

TH08B OABT AT THB BAMM TDIB US BBFABATB YBBTIOAL DbT SaBD MoULD8» 
BHOWTNO THB DirFBBBBGB IV THB 8AXB IBOV, OAUBBD BT BLOW OOOUVO IV LABQB 
MARftM^ AVD MOBB BAPID OOOUVO IV SMALL GaBTIVCW. 


Quis. 

TtuuiTerM rtrengtb. 
Sin lbs. (04). 

TenaOi atmigtiL 


Bar cot 
fromgan. 

Bar cant 
separate. 

Barent 
from gvn. 

Bar cast 
seiwrata. 

Barest 
fromgan. 

Bar cast 
separate. 

6-poimder gan, - 
C-pounder gun, - 
S-inch gQn» • 

8415 
92S8 
8575 

9880 

9977 

10176 

lbs. 
80284 

81087 

28867 

lbs. 
29148 

80089 

24588 

7-196 
7-278 
7-276 

7-268 
7*248 
7.881 

Mean, 
Proportional, 

8741 
1-000 

10011 
1-145 

29229 
1-000 

27922 
-995 

7-250 
1-000 

7-281 
1-004 


** These results," observes Major Wade, '' show that the transverse 

• Report on the Strength cmd other Properties of MetaU for Cannon.— By Officers of 
the Ordnance Department, U. S. Army. Philadelphia, 1856, p. 46. 
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strength is augmented by rapid cooling in small castings, and 
that the tensile strength is increased by slow cooling in large 
masses. The differences in specific gravity are less marked; but 
it is somewhat higher in the small castings cooled rapidly/' This 
conclusion, however, must be qualified by further statements of the 
same writer at pp. 234 and 268; where, in allusion to similar 
experiments, he says : — '* Such results happen only in cases where 
the iron is very hard. As a general rule, the tenadty of the 
common sorts of foundry iron is increased by rapid cooling. In 
this case the condition of the iron when cool was too high — ^that is 
to say, the process of decarbonization had been carried too far — 
for a maximum strength, when cooled rapidly, in small masses; 
although it was in its best condition for casting into a large mass, 
where it must cool slowly. As iron of high density, when cast into 
bars of small bulk, is liable to become unsound and to contain smaU 
cavities, this cause may account, in some measure, for the dimin- 
ished tensile strength in bars of high density." Major Wade found 
that annealing small bars of cast-iron invariably diminished both 
their density and tenacity.* American cannon iron, the reader 
will observe, is much stronger and denser than ordinary English 
cast-iron, the mean tensile strength of a large number of American 
guns cast in 1851 being 37,774 lbs. per square inch.f 

849. Indirect strain ^pretMy redaees the temaUe mtremgth 
of cast-iron. — Mr. Hodgkinson found '*that the strength of 
a rectangular piece of cast-iron, drawn along the side, is about 
one-third, or a little more, of its strength to resist a central 
strain/' — Ea Bee., p. 312. In proving specimens of cast-iron in 
a testing machine it is essential that the strain pass exactly through 
the axis of the specimen, otherwise the apparent will be much less 
than the real tensile strength. 

848. Cast-Iron not snited flir tension. — Cast-iron is liable to 
air-holes, internal strains from unequal contraction in cooling, or 
other concealed defects which often seriously reduce its effective area 
for tension, and as its tenacity is only about one-third of that of 

* Report on the SUrtngth and oiher Projpertiet of Metals for Cannojif p. 234. 
t Idem, p. 276. 


CHAP XIV.] EXTENSION. 231 

wrought-iron, the latter material or steel should be preferred for 
tensile straiiis \vhenever practicable. 

840. Tensile ^irorklii|r strain of east-Iron shoald not 
exeeed one-sixth of the tearlni^ weiirht. — From the causes 
just referred to, cast-iron is seldom used in the form of a tie-bar. 
It frequently occurs, however, in tension in the lower flanges of 
girders with continuous webs, and some en^neers have considered 
it safe to load these with ^th of their breaking weight. It is 
now, however, generally allowed that the working load of cast-iron 
girders, when subject to vibration, should not exceed Jth of their 
ultimate strength, and as the tension flange is generally the weakest, 
and, therefore, the first to fail, this rule allows 1^ tons per square 
inch as the safe tensile working strain for cast-iron of good quality. 
The student will find copious evidence on this subject in the 
appendix to the " Keport of the Commissioners appointed to inquire 
into the application of Iron to Railway Structures." In my own 
practice I adopt the rule of ^th, and find it satisfactory. 

WBOUGHT-IRON. 

S50» Tensile strength of wroairht-lron — ^Fraetnred arear- 
mtlniate set. — To Mr. David Kirkaldy we are indebted for an 

exceedingly valuable series of experiments on the tensUe strength 
of wrought-iron and steel, made by means of a lever-testing 
machine at the works of Messrs. Robert Napier and Sons, 
Glasgow.* The following tables contain abstracts of the more 
important results of these experiments. 

The columns headed '* Tearing strain per square inch of 
fractured area" give the breaking weight per square inch of the 
area when reduced by the specimen drawing out under proof. 
The ratio of these to the breaking weights per square inch of 
original area in<Ucate the quality of the iron, whether ductile 
or the reverse. The soft and ductile irons draw out to a 
small '' fractured area," and consequently have a very high unit- 
strain referred to it, whereas the hard irons stretch but little 
under proof, and therefore have a comparatively low unit-strain 

* JSxperment$ on Wrought-iron and Steely by David Kirkal4)ri Glasgow, 186S. 
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referred to the same standard. The last column, headed 
^' Ultimate set," gives the ratio of the increment of length or set 
after fracture, to the original length before fracture, in the form 
of a per-centage of the latter. The figures in this column are 
greater or less according as the material is more or less ductile, 
and consequently this "ultimate set" is a test of the toughness 
and ductility of the iron under proof. In my own practice I 
find that the "ultimate set" is more easily measured than the 
" fractured area," and that it is a very convenient test of the 
quality of the iron. 

TABLE YI.— Tevsili Stbbnoth of Isok Babs. 

NoTB — ^All the pieces were taken pranUtcuouely from eDgineera' or merchants' stores, 
except those marked samplei^ which were received from the makers. 


^ 
>* 


i 


I 

QQ 


Namea of the Maken 
or Works. 


DeaeripUon. 


Tearing 
Strain 

Tearing 
Sfcrain 

persqaaxe 

inch of 

original 

area. 

peraqnare 

inch of 

fractured 

area. 


i 


Low-MooB, 
Bo. 
Do. 

Do. 

Do. 

BOWLINO, 

Do. 

Fabvlxt, 

J. Bbadlbt and Co., (Q 
(Charcoal) 

Do. B. B., Scrap, 

Do. 8 c iir 

Do. do. 


BoUedbars, 1 inch square 

Rolled ban, 1 inch ronnd 

Boiled bars, -^ inch, 
for rivets 

Planed from 1 inch 
sqnare bars 

Forged from 1} inch 
ronnd bars 

Boiled bars, 1 inch round 

Turned from 1} inch 
round bars 

BoUed bars, 1 inch round 


^ 


Boiled bars, 1 inch 
round 

Boiled bars, 1 inch 
round 


Boiled bars, } indi, for 
rivets 

Bolledbars, { inch round 


lbs. 

lbs. 

60,864 

117,147 

61,798 

131,676 

60,075 

125,775 

60,245 

114,410 

66,892 

115,040 

62,404 

114^220 

61,477 

120,229 

62,886 

127,425 

57,216 

146,521 

59,870 

128,805 

56,715 

112,886 

62,281 

97,575 


per 
cent. 
24*9 

26-5 

20-5 

23-8 

20*2 

24-4 
26-0 

25-6 
80*2 

26-6 

22*5 

22*2 
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TABLE VI.— Tbhsilb Stbxnoth of Ibow BABOr^conHnu^, 


NaniM of the Maken 
or Woilcab 


DeacripUon. 


Tearing 

Strain 

per square 

inch of 

original 

area. 


Tearing 
Strain 

peraqoare 
inch of 

fractured 


i 


G. B. Thobhitobovt k Co., 

TN 8 
LoBD Wabd, L #rW.R-0 

MALINaUOi ^ BI8T 

Baonall, ^ J. B. 
Do. do. 

T7LTBB8TON Biy>T,c<S^I8T 
MlBBIT Co., BbBT, 
GOYAH, Ex. B. BB8T, 

Do. da 


Do. 
Do. 
Do. 
Do. 


do. 
do. 
do. 
do. 


GOTAN, B. BSBT, 

Do. do. 


Do. 
Do. 
Do. 
GovAir, 
Do. 
Do. 
Do. 


do. 
do. 
do. 

do. 
do. 
do. 


Glasgow, B. But, 
Do. do. 


Do. 


do. 


Rolled Imtb, ^inch, for 

rivets 
BoUed bars, H inoh, for 

rivets 
Boiled ban, | inoh X 

1 inoh 
Rolled bars, 1} inch 

ronnd 
Do., do., ttumed down 

to 1 inch 
Rolledbars, finohroimd 

Foiged from } inch 

square bars 
Rolled bars, } inchsqnare 

Rolled bars, f inchronnd 

RoUedbarsyl ) inohroiind 

Rolledbars,! inchronnd 

Rolled bars, { inchronnd 

Rolled bars, } inchronnd 

Rolledbars, 1 ) inchronnd 

Rolled bars, 1 inchronnd 

Rolled bars, {inchronnd 

Rolled bars, } inchronnd 

Rolled bars, } inchronnd 

Rolledbars, 1 } inchronnd 

Rolled bars, 1 inchronnd 

Rolled bars, { inchronnd 

Rolled ban, } inchronnd 

Rolled bars,l inch ronnd 

Rolled ban,^ inch ronnd 

Forged from 1 inch 
rolled ban 


Ibe. 

lbs. 

59,278 

99,595 

59,753 

95,724 

50,289 

88,800 

55,000 

75,851 

55,881 

80,688 

58,775 

104,680 

60,110 

86,295 

56,655 

99,000 

57,591 

95,248 

58,858 

97,821 

59,109 

98,527 

58,169 

101,868 

57,400 

92,880 

60,879 

84,770 

62,849 

88,550 

61,841 

96,442 

64,795 

97,245 

59,548 

95,706 

58,826 

78,189 

59,424 

79,878 

68,956 

88,512 

61,887 

95,819 

58,885 

97,548 

58,910 

97,559 

59,045 

80,058 


per 
cent. 

22-4 
18-6 
21-4 
17-8 
19-1 
21-6 
16*9 
191 
17-8 
28*8 
22-8 
19-2 
17-6 
170 
191 
200 
17-8 
16-9 
16-7 
16-4 
15-8 
18-8 
28-2 
218 
20-9 
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TABLE VI.— TiVBiLi Stbsvoth of Ibon BABB-^eorUinwd. 


I 

I 


•s 
t 

J 


i 


II 


Names of the Ifakers 
or Works. 


Glasgow, B. Bxst, 
Do. da 


Do. 
Do. 


do. 
do. 


Glasgow Best Rivet, 

COATBBIDOI, BK8T RIVET, 

St. Rollox, Best Rivet, 
R. SoLLocH E. Best, 

<@> GOVAV, <^ 

Do. do. 


Do. 
Do. 
Do. 


do. 
do. 
do. 


Demdtvak (Common) 
Do. do. 


Do. 
Do. 


do. 
do. 


Description. 


Tearing 

Tearing 

Strain 

Strain 

per square 

per square 

inch of 

inch of 

original 

fractored 

area. 

area. 


i 


Bloohairn, B. Best, 
Blochaibn, Best Rivet, 
Poet Duvdas, Ex. B. Best, 
GovAH, Puddled Iron, 


TsTATiTFEBA, Paddled Iron, 
Do. do. 


Rolled barSyl^ inch round 

Do., do., tamed down 

to 1 inch 
Do., do., foiged down 

to 1 inch 
Rolled ban, i inch 

round 
Rolled ban, { inch roand 

Rolled bars, | inch round 

Rolled bars,-}! inch round 

Rolled bars, j^ inch, for 

rivets 
Rolled bars, 1 1 inch round 

Do., do., turned down 

to 1 inch 
Do., do., foiged down 

to 1 inch 
Rolled bars, 1 inch round 

Rolled bars, {inch round 

Rolled ban,l^ inohround 

Do., do., turned down 

to 1 inch 
Rolled bars, 1} inch, 

forged down 
Rolled bars, 1 inch round 

Rolled ban, 1 inch round 

Rolled bars, finch round 

Rolled bars^ 1 ) inchround 

Rolled ban, \X2i inch, 
forged down 


Rolled bars, i X 2} indi, 

forged down 
Do., do., strips cut off 


lbs. 

lbs. 

54,679 

85,012 

55,583 

86,590 

66,112 

81,508 

69,800 

99,612 

57,092 

96,205 

01,723 

96,267 

56,981 

77,883 

57,425 

96,959 

57,608 

114,866 

57,288 

116,869 

57,095 

112,706 

58,746 

118,700 

58,199 

116,549 

51,827 

54,100 

55,995 

63,280 

54,247 

60,856 

53,852 

58,304 

56,141 

90,318 

59,219 

89,279 

54,594 

85,568 

46,771 

48,057 

29,626 

29,813 

88,526 

89,470 


per 
cent. 

20-8 
21-8 
18*6 
20-0 
23-7 
21-6 
16-6 
17-7 
24-8 
25-6 
281 
25-2 
21-4 

6-3 
111 

7*8 

6-8 
21-8 
19-4 
20-6 

3-4 


0-6 

2-0 
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TABLE VI.— TuraiLK Stebvotr or Ibon Babb— cofittiMted. 


NamM of the Hakera 
or Works. 


Description. 


Tearing 

Tearing 

1 

Strain 

Strain 

per square 

persqture 

« 

inch of 

inch of 

B 

original 

fractured 

i 

are*. 

area. 

B 

llM. 

IbB. 

per 

06llt« 

58,420 

94,105 

24-8 

55,878 

72,581 

16-6 

47,582 

59,003 

21*8 

44,758 

50,971 

16-8 

43,759 

56,910 

20-5 

88,487 

42,059 

8-4 

88,868 

44,611 

11-7 

86,824 

39,085 

6-4 

47,855 

121,065 

27-8 

48,282 

150,760 

26*4 

49,564 

73,118 

13-3 

56,805 

77,632 

15-8 

48,988 

141,702 

170 

43,509 

77,349 

15-8 

42,421 

68,682 

15-2 

59,096 

68,047 

6-0 

50,262 

188,781 

18-7 

41,251 

98,510 

14-8 

44,230 

83,851 

15-8 

51,466 

67,907 

7-5 


l! 

a 

i 

n 


Haxxibed Scbap Ibok, - 

BOBHXLXD IbOH TBOM 
TUBNIUQS, 

Cut out of a Cbahk Shaft 
of Hammered Scrap Iron, 
14" wide, and radaoed to 
the required shape in the 
lathe^ not on the anvil. 


f 


Length of shaft 
Across shaft • 


Do. 


do. 


1 Lengthways - 


1 


Crossways 


[ 


Hammibxd ABMoaB Platb, 
16' 6" X 3' 9" X 44", cut 
off the end and tamed 
down. 


Per ECKXAH AKD Co., R F^ 
Gothenburg, 


I Crossways 
Do. 




I 


Do. 


do. 


/ 


1/ 


\ 


PbIN OB DXMIDOFF, C C N D| 

Do. do. 


SWBDISB, X 

I>o. * * W 
Do. Ill C 

Russian, IO P 3 
swxdibb, x 
Do. ^ G 

Do. Hr Hr w 

BUBBIAN,!- O P 3 


I 

1 




Strips out off 

Foiged round 

Strips cot off 

^Foiged round 


I 
1 

3^ 




Strips cut off 


Forged down 
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TABLE VII.^TxNSiUE Stbingth or Ajtoue Ibov. 

NoTS.^A]l the pieoes were taken promitcuotuly from engineers' or merchants' 
stores, ezoept those mariced samplei, which were received from the makers. 


Dtetrict 

Names of the Makers or Works. 

Site. 

Tearing 

Strain 

per square 

inch of 

original 

area. 

Tearing 
Strain 

per square 
inch of 

fractured 
area. 

Ulttnuttc 
Set. 




lbs. 

lbs. 

percent. 

Torkshire, • 

Fabhlkt, - 

A 

61,260 

104,468 

20-9 


Glasoow Best Scrap, 

i 

56,094 

71,764 

15-0 


GTiABOOW Best Best, 


55,987 

70,706 

15-4 

Lanarkshire, 

Do. do. 

1 

55,520 

62,373 

8-5 


Do. do. 

A 

53,300 

65,770 

12*8 

\ 

Do. do. 

i 

51,800 

64,962 

12-7 

/ 

Albion ^ Best, 

i 

56,157 

69,867 

14-0 


AiAioH Best, 

i 

52,159 

67,695 

141 

Staffordshirei^ 

Do. do. 

H 

51,467 

60,675 

11-2 


Eaoue Best Best, - 

i 

54,727 

71,441 

18'7 


Eagle, 

H 

50,056 

58,545 

8-8 

Durham, | 

CovsBTT Best Best, 
CoNSiTT Ship Angle Iron, 


58,548 
50,807 

65,554 
58|201 

12-6 
5-8 


TABLE YIII.^Tensilb Stbbnoth or Ibok Straps ahd Bbam Ibok. 

NoTS. — ^AU the pieces were taken promi$euou$ly from engineers' or merchants' 
stores, except those marked MmpUt, which were reoeiTed from the makers. 


District 

Names of the Makers or Woikai 

Site. 

Tearing 

Strain 

per square 

inch of 

original 

area. 

Tearing 

Strain 

per square 

inch of 

fractared 

area. 

Ultimate 
Set. 




lbs. 

lbs. 

percent. 

( 

Glasgow, Ship Beam, - 

ii 

55,987 

67,606 

10-79 

Lanarkshire, 

DuvDTVAir, Ship Strap, • 

*tt 

55,285 

68,685 

808 

* 

MoBSEND, Ship Strap, 

Ai 

45,489 

50,459 

518 

Staffordshire, 

Thobnstcboft, Ship Strap, 

i 

52,789 

59,918 

8-03 

S. Wales, - 

DowLAiB, Ship Beam, 

1 

41,886 

45,844 

4-82 
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TABLE IX Tbetbili Stbbnoth of Ibon Platb8. 

Non. — ^AIl the pieces were taken promitcuoualy from engineers' or merchants' 
stores, except those marked tamples, which were receiTed from the makers. L denotes 
that the strain was applied lengthways of the plate ; C, crosswajs. 


Dlrtilct 

Names of the Hakera 
or Works. 

Thick. 

i 

1 

Tearing 

Strain 

per square 

Inch of 

original 

area. 

Tearing 
Strain 

per square 
inch of 

fractured 
area. 

Ultimate 
Set. 





lbs. 

Ibe. 

percent. 


JiOWVOOB, 

A 

L 


52,000 
50,515 

64,746 
57,888 

18*2 
98 


BOWLUIO, 

i 

L 

C 

52,285 
46,441 

61,716 
50,009 

11-6 
5-9 

Yorkshire, 

Fabmlet, 

( 

L 
C 

56,005 
46,221 

68,768 
58,293 

141 
7-6 


Do. 

i 

L 


58,487 
54,098 

70,588 
59,698 

10-9 
5-9 


Do. 

i 

f.^ 

58,487 
55,088 

88,112 
68,961 

17-0 
11-8 

' 

COHSKTT, 

i 

L 
C 

51»245 
46,712 

59,188 
52,050 

8-98 
6-48 

Durham, 

Do. Best Beet» - 

ft*« 

L 
C 

49,120 
46,755 

55,472 
50,000 

8-0 
5-2 

> 

\ 

Do. do. 

AAA 

L 
C 

53,559 
45,677 

62,846 

48,358 

11-5 
4-0 

• 

J: BftADUET k Ca, 

8. C* 

i 

L 
C 

55,831 
50,550 

67,406 
55,206 

12-5 
5-5 


Do. L F do. - 

|toi 

L 
C 

56,996 
51,251 

66,858 
56,070 

180 
5-9 


Do. „ do. • 

|tol 

L 


55,708 
49,425 

65,652 
54,002 

10-7 
5-1 

Staffordshire, 

T. WxLL8, Best Best ^ 

• 

AtoA 

L 
C 

47,410 
46,680 

51,521 
48,848 

4*0 
8-4 


KBM 

A 

L 
C 

46,404 
44,764 

51,896 
47,891 

6-1 
4-8 


Malinblis, Best ^ 

1 

L 
C 

52,572 
50,627 

62,181 
55,746 

8-6 
5-8 


O. B. THOBNXTCBorr, 
BestDWBest, 

H 

L 
C 

54,847 
45,585 

62,747 
47,712 

11-2 
4-6 


J.WsLL8|lrB.Be8t, 

«*« 

fc 

45,997 
49,811 

51,140 
54,842 

6-7 
70 
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TABLE IX.— Tbnsilx Stbbitgth of Ibon Plates — continued. 


District 


Names of the Makers 
or Worlu. 



04 

Tearing 

Tearing 


n. 

Strain 

Strain 

Thick 

& 

per square 

per square 


1 

inch of 

Inch of 


^ 

orifiTinal 

fractured 


1 

area. 

area. 


Ultimate 
Set 


Staffordsbbre- 
continued^ 


Shropshire, 


1 


/ 


Lanarkshire, ( 


\ 


Llotds^ Fosteb, ft Go, 
Best* 

SVIDSHILL ^f Best, 


MoesxND, Best Best, 


Olaboow, Best Boiler, 


Do. Ship, 


Do. Best Best, 


Do. 


do. 


Do.* Best Scrap, 


Makers' Stamp tmcertain, 


Gk>yAN, Be8% 


<@> GOVAN ^> 




lbs. 

lbs. 

At^A 

L 

44,967 

49,162 

C 

44,732 

48,344 

Atoft 

L 

52,362 

61,581 

C 

43,036 

45,300 

1 

L 

48,433 

46,038 

C 

41,456 

43,622 

|to« 

L 

53,849 

60,522 



48,848 

52,252 

AtoW 

L 

47,773 

49,816 

C 

44,355 

45,343 

Ato« 

L 

45,626 

48,208 

C 

41,340 

42,430 

Jtol 

L 

53,399 

59,557 

C 

41,791 

43,614 

} 

L 

50,844 

58,412 

Atoii 

L 

47,598 

53,182 

C 

40,682 

43,426 

itoi 

L 

43,942 

45,886 



39,544 

40,624 

H 

L 

54,644 

66,728 

C 

49,399 

• 

54,020 


per cent. 

5-3 
4-6 

9-6 
2-8 

3-8 
2*9 

9-3 
4-6 

3-65 
211 

4-34 
2-37 

8*95 
2-63 

10-5 

5-9 
2-5 

3-4 
1-4 

11-6 
6-5 . 


S51. Teii«Ue strenirtb of wroofrbt-iron^ mean results. — 

The following short table contains the mean results of Mr. 

Kirkaldy's experiments on the tensile strength of wrought-iron.* 
TA.BLE X. — ^Tehsils Stbength or Wbouoht-Ibon, Mean Besults. 



lbs. 

tons. 

tons. 

188 bars, rolled, 

57,557 

= 25| 

— 

72 angle-iron and straps, 

54,729 

= 24i 

— 

167 plates, lengthways, 
160 plates, crossways. 

50,737 
46,171 

= 22-65 1 
= 20-6 / 

= 21| 
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S59* Mirkaldy's conelusloiifiu — Mr. Kirkaldj sums up the 
results of his experimental inquiry in the following concluding 
observations, which the student should study carefully : — * 

1. The breaking strain does not indicate the quality, as hitherto assumed. 

2. A high breaking strain may be doe to the iron being of soperior quality, dense, 
fine, and moderately soft, or simply to its being very hard and unyielding. 

3. A low breaking strain may be due to looseness and coarseness in the texture, or 
to extreme softness, although very close and fine in quality. 

4. The contraction of area at fracture, previously overlooked, foxms an essential 
element in estimating the quality of specimens. 

6. The respective merits of various specimens can be correctly ascertained by com- 
paring the breaking strain jointly with the contraction of area. 

6. Inferior qualities show a much greater variation in the breaking strain than 
superior. 

7. Greater differences exist between small and lax^ge bars in coarse than in fine 
varieties. 

8. The prevailing opinion of a rough bar being stronger than a turned one is 
erroneous. 

9. Rolled bars are slightly hardened by being forged down. 

10. The breaking strain and contraction of area of iron plates are greater in the 
direction in which they are rolled than in a transverse direction. 

11. A very slight difference exists between specimens from the centre and specimens 
from, the outside of crank shafts. 

12. The breaking strain and contraction of area are greater in those specimens cut 
lengthways out of crank shafts than in those cut croesways. 

13. The breaking strain of steel, when taken alone, gives no clue to the real qnalities 
of various kinds of that metal. 

li. The contraction of area at fracture of specimens of steel must be ascertained as 
well as in those of iron. 

15. The breaking strain, jointly with the contraction of area, affords the means of 
comparing the peculiarities in various lots of specimens. 

16. Some descriptions of steel are found to be very hard, and, consequently, suitable 
for some purposes ; whilst others are extremely soft, and equally suitable for other 
uses. 

17. The breaking strain and contraction of area of ptiddled'tteel plates, as in iron 
plates, are greater in the direction in which they are rolled ; whereas in ca<t*steel 
they are less. 

18. Iron, when fractured suddenly, presents invariably a crystalline appearance ; 
when fractured slowly, its appearance in invariably fibrous. 

19. The appearance may be changed from fibrous to crystalline by merely altering 
the shape of specimen, so as to render it more liable to snap. 

20. The appearance may be changed by varying the treatment, so as to render the 
iron harder and more liable to snap. 

21. The appearance may be changed by applying the strain so suddenly as to render 
the specimen more liable to snap, from having less time to stretch. 

22. Iron is less liable to snap the more it is worked and rolled. 

23. The *' skin" or outer part of the iron is somewhat harder than the inner part, as 
shown by appearance of fracture in rough and turned bars. 

* £xpti.f p. 91. 
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24. The mixed chai^cter of the Bcrap-hron used in large forgings u proved by the 
singularly varied appearance of the fractures of specimens cut oat of crank shafts. 

25. The texture of various kinds of wrought iron is beautifully developed by im- 
mersion in dilute hydrochloric add, which, acting on the suirounding impurities, ex- 
poses the metallic portion alone for examination. 

26. In the fibrous fractures the threads are drawn out, and are viewed externally, 
whilst in the crystalline fractures the threads are snapped across in dusters, and are 
viewed internally or sectiomdly. In the latter cases the fracture of the specimen is 
always at right angles to the length ; in the former it is more or less irregular. 

27. Sted invariably presents, when fractured slowly, a silky fibrous appearance ; 
when fractured suddenly, the appearance is invariably granular, in which case also 
the fracture is always at right angles to the length ; when the fracture is fibrous, the 
angle diverges always more or less from 90^. 

28. The granular appearance presented by sted suddenly fractured is nearly free of 
lustre, and unlike the brilliant crystalline appearance of iron suddenly fractured ; the two 
combined in the same specimen are shown in iron bolts partly converted into steeL 

29. Sted which previoudy broke with a silky fibrous appearance, is changed into 
granular by being hardened. 

SO. The little additional time required in testing those specimens, whose rate of 
dongation was noted, had no injurious effect in lessening the amount of breaking 
strain, as imagined by some. 

81. The rate of elongation varies not only extremdy in different qualities, but also 
to a considerable extent in specimens of the same brand. 

82. The specimens were generally found to stretch equally throughout their length 
until dose upon rupture, when they more or less suddenly drew out, usually at one 
part only, sometunes at two, and, in a few exceptional cases, at three different places. 

88. The ratio of ultimate elongation may be greater in short than in long bars in 
some descriptions of iron, whilst in others the ratio is not affected by dififorence in the 
length. 

84. The lateral dimensions of specimens forms an important element in comparing 
dther the rate of, or the ultimate, dongations — a circumstance which has been hitherto 
overlooked. 

85. Sted is reduced in strength by being hardened in water, while the strength is 
vastly increased by being hardened in olL 

86. The higher steel is heated (without, of course, running the lidr of being burned) 
the greater is the increase of strength, by being plunged into oiL 

87. In a highly converted or hard sted the increase in strength and in hardness is 
greater than in a less converted or soft sted. 

88. Heated steel, by being plunged into oil instead of water, is not only condderably 
hardened, but UmgheJied by the treatment. 

89. Sted plates hardened in oil, and joined together with rivets, are fully equal in 
strength to an unjointed soft plate, or the loss of strength by riveting is more than 
counterbalanced by the increase in strength by hardening in oiL 

40. Steel rivets, frilly larger in diameter than those used in riveting iron plates of 
the same thickness, being found to be greatly too small for riveting steel plates, the 
probability is suggested that the proper proportion for iron rivets is not, as generally 
assumed, a diameter equal to the thickness of the two plates to be joined. 

41. The shearing strain of steel rivets is found to be about a fourth less than the 
tensile strain. 

42. Iron bolts, case-hardened, bore a less breaking stnun than when wholly iron, 
owing to the superior tenadty of the small proportion of steel bdng more than coun- 
terbalanced by the greater ductility of the remaining portion of iron. 
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48. Iron highly heated «nd suddenly cooled in wmter is hardened, «nd the breaking 
■train, when gradnally applied, in ci eaee d , but at the fame time it it rendered more 
liaUe to sn^. 

4i, Iron, like iteel, ie loftflned, and the breaking strain rednoed, by being heated 
and allowed to oool slowly. 

45. Iron sabjeet to the oold-rolling process has its breakiDg strain greatly increased 
by being made extremely hard, and not by being ** oonsolidated," as previously snp- 
posed." 

46. Specimens cot out of crank-shaft are improved by additional hammering. 

47. The galvaniang or tinning of iron plates produces no sensible effects on plates 
of the thidmess experimented on. The result, however, may be different, shoidd the 
platee be extremely thin. 

48. Hie brsaking strain is materially affected by the shape of the spedmeo. Thus 
the amount borne was much less when the diameter was uniform for some inches of 
the length than when confined to a small portion— « peculiarity previously unascer- 
tained, and not even suspected. 

49. It is ne cessar y to know ooxrectly the exact conditions under which any tests are 
made before we can equitably compare results obtained from different quarters. 

50. The startling discrepancy between experiments made at the Boyal Arsenal, and 
by the writer, is due to the difference in the shape of the respective specimens, and not 
to the difference in the two testing machines. 

51. In screwed bolts the breaking stnun is found to be greater when old dies are 
used in their formation than when the dies are new, owing to the iron becoming harder 
by the greater pressure required in forming the screw thread when the dies are old 
and blunt than when new and sharp. 

52. The strength of screw-bolts is found to be in proportion to their relative areas, 
there being only a slight diflbreuce in &vour of the smaller compared with the laiger 
sizes, instead of the very material difference previously imagined. 

58. Screwed bolts are not necessarily injured, although strained nearly to their 
breaking point. 

54. A great variation exists in the strength of iron bars which have been cut and 
welded ; whilst some bear almost as much as the uncut bar, the strength of others is 
reduced fully a third. 

55. The welding of steel bars, owing to their being so easily burned by slightly over- 
heating, is a difficult and uncertain operation. 

56. Iron is injured by being brought to a white or welding heat, if not at the same 
time hammered or rolled. 

57. The breaking strain is considerably less when the strain is applied suddenly in- 
stead of gradually, though some have imagined that the reverse is the case. 

58. Hie contraction of area is also less when the strain is suddenly applied. 

59. The breaking strain is reduced when the iron is frozen ; with the strain gra- 
dually applied, the difference between a frozen and unfrozen bolt is lessened, as the 
iron is warmed by the drawing out of the specimen. 

60. The amount of heat developed is considerable when the specimen is suddenly 
stretched, as shown in the formation of vapour from the melting of the layer of ice on 
one of the specimens, and also by the sui&oe of others assuming tints of various shades 
of blue and orange, not only in steel, but also, although in a less marked degree, in 
iron. 

61. The specific gravity is found generally to indicate pretty correctly the quality of 
specimens. 

62. The density of iron is decreased by the process of wire-drawing, and by the simi- 
lar process of cold rolling, instead o{inert(ued, as previously imagined. 
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63. The density in some descriptions of iron is also decreased by additional hot- 
rolling in the ordinary way ; in others the density is very slightly increased. 

64. The density of iron is decreased by being drawn out under a tensile strain, 
instead of increased, as believed by some. 

65. The most highly converted steel does not, as some may snppose, possess the 
greatest density. 

66. In cast-steel the density is mnch greater than in puddled-steel, which is even 
less than in some of the superior descriptions of wronght-iron. 

The foregoing extract43 afford the reader but a meagre idea of 
Mr. Kirkaldy's laborious researches, and the student who seeks 
more detailed information regarding his experiments, or the instru- 
ments and method he adopted in testing specimens, is referred to 
his book on the subject. 

MS. Strenirth of iron plates leni^hways 10 per eent. 
i^reater than erossways — ^RemoTtni^ nkln of wroai^ht-iron 
does not litf ore its tensile strenipth. — From Table X. it appears 
that the average strength of iron plates drawn in the direction of 
their length is about ten per cent, greater than when drawn 
across the grain. The ultimate set b also much greater 
in the direction of the fibres. This agrees v^th Mr. Clark's 
experiments* and with my own experience. With reference to 
the effect of removing the outer skin or glaze on rolled iron, Mr. 
Earkaldy observes^ " The generally received opinion, that by 
removing the 'skin' the relative strength was greatly reduced, 
or that a rough bar was much stronger than one turned to the 

same diameter, is proved to be erroneous."! 

S54. Bar iron stroni^er than plates — ^Boiler plates — Ship 
plates — Hard iron unfit for sliip-baiidinir. — From Table X. it 
appears that bars of ordinary sizes are nearly 14 per cent, stronger 
than plates ; perhaps this does not apply to bars of large section, 
say three inches in diameter and upwards. The great demand for 
iron ships has given rise to the manufacture of a cheap quality 
of plate iron called ** ship " or " boat " plates ; this iron is generally 
inferior in strength and toughness to "boiler" plates, and is 
often BO hard and brittle that its ultimate set does not exceed 
three per cent., while its tensile strength is frequently less than 
eighteen tons per square inch. There can be no greater mistake 

* Clark on tke TubtUar Bridgei^ p. 877. 
t KxpU,, p. 27. 
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than to suppose that hard iron is fit for ships. Iron plates which are 
tough and ductile like copper will, when struck, often escape with 
a mere dint or bulge, whereas hard iron under the same circum- 
stances will crack or tear, especially along a line of rivet holes. 

S55* Foryinffit ^ot so stronip am rolled iron — ^Annealini^ 
reduces the tensile strenipth of ^rroagpiit iron j bot increases 

Its dnctlllty. — It is generally believed that large forgings are 
less tenacious than small ones (859 46). About this, however^ 
there is some difference of opinion, and the subject requires further 
experiments before it can be definitively settled.* Large forgings 
certainly require greater manufacturing skill than small ones, and 
it is probable that most forgings are somewhat weaker in tensile 
strength than bar or plate iron to which the rolling process imparts 
a fibrous structure; this view seems to be confirmed by Mr. 
Kirkaldy*s experiments on hammered iron in Table V I. Annealing 
iron also reduces its tensile strength (S59 44 and Ex. 1, p. 40), 
though it increases its ductility and toughness, which are some- 
times more important. For instance, it is a good practice to anneal 
old crane chains which have become brittle by constant use, and 
thus render them less liable to snap from sudden jerks. 

UB. TensUe working^ strain of wrooi^ht-iron should not 
exceed one-lbnrtli of Its tearlni^ strenifth. — For ordinary 
purposes, such as girder work, the maximum tensile working strain 
of wrought-iron should not exceed ^th of its ultimate strength, and, 
as the tenacity of common plate iron is about 20 tons per square 
inch, this rule allows 5 tons per square inch of net sectional area 
as the safe working strain for plates of ordinary quality. Where 
structures, such as cranes, are subject to sudden shocks the 
working strain should not exceed ^th of the ultimate strength, 
and in boilers or machinery it is not prudent to make the 
working strain exceed ^th of the tearing strain of the iron. 

lEON WIRE. 

S57. Tensile strenipth of Iron wire — ^Anneallnir iron wire 
rednces its tensile strenirth. — ^From Mr. Telford^S experiments 

* See diflcuuion on Mr. Mallet's paper on the CoefficientB of Elasticity and 
Rupture in Massiye Forgings. — Proceedinga of Inst, of C, S,y Vol. xviii., p. 296. 
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it appears that the strength of iron wire ^th inch diameter = 36 
tons per square inch.* The strength of the iron wire used by 
Mr. Boebling at the Niagara Falls suspension bridge is nearly 
100,0001bs. (= 44*6 tons) per square inch. This wire measures 
18'31 feet per lb., and is " small No. 9 Grange, 60 wires forming 
one square inch of solid section." t 

Table XI. contains the results of experiments made by M. 
Seguin, senior, on iron-wire of different sizes and qualities. X 


TABLE XI.— Tursn.B Stbihoth 

or Ibon Wibb 

* 

Deacrlptlon of Wlro. 

Dbonetor. 

Teariag Stndn 
Square Mihtmetre. 


MiUimetras. 

Eilogrammea. 

Iron wire from Boozgogne, No. 8, . anequally 
aanealedy 

1172 

88-2 

Idem, No. 7» oarefbUy annealed, . - . 

1-062 

861 

Idem, No. 18, not annealed. 

8*866 

58-8 

Idem, No. 7, not annealed, 

1062 

• 78-7 

Fil de I'Aigle, employed for carding, 

0*2204 

89-8 

Pasae-perle, rather soft, - - . . 

0-6917 

85-7 

Wire from a factory in Beean9on— 



No. 1» wiAf ... 

0-6188 

86-1 

2, soft, 

0-7078 

87*0 

8, brittle, . 

0-7827 

80-8 

4, brittle, - 

0*888 

76-6 

5, very brittle, 

0-9115 

72-8 

6 - 

1-022 

76*1 

7 ... - 

1*08 

71-2 

8, veiy brittle, 

1-128 

67-8 

* Barlow on the Strength of Materials, p. 288. 




+ Papert and Practical lUuitroHons of Public Works of Becent Cfonstmetum^ both 
British and American, Weale : 1856. pp. 16, 1 8. 

t RUumSdes Ufons sur V<q)pUcation de la Micanique, Par M. Navier. Bmxellea: 
1889. p. 80. 
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TABLE XI.— Tbnbili Stuitoth or Ibon WmB-nxmiinued. 


Deaerlptloii of Wlr& 

Diameter 

Tearinff strain 
Sqnare lUUlinetxvL 

Wire from a factory in BeBKa^n-^conHnued. 

MilHmetret. 

Kilogrammes. 

No. 9, rather brittle, - 

1-298 

69-8 

10, very soft^ 

1*486 

64-8 

11, yeiysoft. 

1-476 

68-6 

12 . 

1-691 

55-5 

18 . 

1-8 

67-2 

14, yerysoft^withouteUftioity, 

2-072 

49*8 

16 . 

2-226 

61-9 

16, yerysoft^ 

2*489 

68-9 

17, flawed, - 

2-696 

68-1 

18 - 

8-087 

84-0 

19 - 

8-492 

78*2 

20 - 

4-U 

66*7 

21 . 

4-812 

62-6 

22, very brittle^ 

6*449 

67-7 

23, softy 

6-942 

62-6 


Nora. — A millimetre equals yery nearly ^ih of an inoh ; and kilogrammes per 
square millimetre may be oonverted into tons per sqoare inch by midtiplying by 0*686. 

That annealing iron wire seriously impairs its tensUe strength 
may be inferred from the foregoing experiments. 


STEEL. 


M8. Tensile strenirtli of fsteeh — ^The following tables contain 
the principal results of Mr. Ejrkaldy^s experiments on the tensile 
strength of steel bars and plates. His "conclusions" respecting 
this material will be found in (M9). 


246 


EXTENSION. 


[chap. XIV. 


TABLE XII.— Tensile Stbenoth or Steel Babs. 


KOTB. — ^AJl the pieces were taken promiacwmsly from engineers' or mercbants' 
stores, except those marked tamples, which were received from the makers. 


Dlitrlcti. 


Names 

of the 

Makers or Works. 


Deecription. 


Tearing 
Strain 

Tearing 
Strain 

per square 

inch of 

original 

area. 

per square 

Inch of 

fractured 

area. 


Ultimate 
Set. 


2 


\ 


II 


I 


T. Tubtoe aed Sons, 

Cast Steel for tools 

(from Acadian Iron), 
Thomas Jowitt, Cast 

Steel for Tools, 
Do. do.. Cast Steel for 

Chisehi, 
Do. do., Cast Steel for 

Drifts, 
T. JowiTT, Double Shear 

Steel, 
BE8SBMBB,Sheffield(tool), 

iampUs, 
WiLKiESOK, (L) Blister 

Steel, 
T. Jowitt, Cast Steel 

for Taps, 
T. Jowitt, Spring Steel, 

M068 AKD Gambles, 
Cast Steel for Bavets, 
gampUs, 

Natlobs, Viokebs, and 
Co., Cast Steel for 
Rivets, 

Sbobtbidob, Howell, 
AED Co., Homo- 
geneous Metal, 

Do., dcy 


Mebsbt Co., Puddled 
Steel, 


Blochaibe, Pnddled 
Steel, 


Do., 
Do., 


dO.y 
d0.y 




Ebupp, Dnsseldorf, Cast 
Steel for Bolts, 


Mb 


/ 


^ 


J 


^s 


III 


o 


1^9 


I 


»r o . 


e 


/ 


I ill 


Forged from { inch 

rolled bars, 
BoUed bars, } inch 

round, 

BoUed bars, } indi 
round. 

Boiled bars,-^inoh, 
for rivets. 

Forged, - 


Forged, 


Rolled bars, 


Forged from slabs. 

Forged from rolled 
bars, 


Rolled bars, round. 


lbs. 
182,909 

182,402 
124,852 
115,882 
118,468 
111,460 
104,298 
101,151 
72,529 
107,286 

106,615 

90,647 

89,724 

71,486 

70,166 

62,255 
62,769 

92,015 


lbs. 
139,124 

151,857 
150,248 
147,670 
147,396 
143,327 
182,472 
142,070 
95,490 
158,013 

158,785 

142,920 

121,212 

110,451 

84,871 

80,870 
71,281 

139,434 


percent. 
5-4 

5-2 

7-1 

13-8 

13-5 

5-5 

97 

10-8 

18-0 

12-4 

8-7 

18-7 

11-9 

191 

11-3 

120 
9-1 

153 



CHAP. XIV.] 


EXTENSION. 


247 


TABLE XIII.— Tbnbilb STBBNaTH ot Stikl Platbs. 

Non. — All the pieces were tiken promiscuously from eDgineen' or mercbanta' 
stores, except thoee marked samples, which were reoeiyed from the makers. L denotes 
that the strain was applied lengthways of the pikte ; G, erossways. 


District. 


Names of the Makers or Wotks. 


lliiek. 


Tearing 

Strain 

periqaare 

Inch of 

original 


Tearing 
Strain 

peraquare 
Inch of 

fractured 


Ultimate 
Set 


/ 


^ 
% 


I 


S 


\ 
I 


r< 


13 


v 


I 


T. Tdbtobt ahb Sons, Cast Steel, 

Natiob, VioKna, ahb Co., 
Cast Steel, 

Moss ASS Oaicblm^ Cast Steel, 

Shobtbidob, Howbll, ahd Co., 
Homogeneous Metal, 


Do., 


do., 


Do., Second Quality, 


MBB8ET Co., PnddledSteel (Ship 
Phktes), 


BiBBBBT Co., Puddled Steel 
"Hard, 


»» 


Do. "Mild." do.. 
Do. da. (Ship Pktes), 
Bloobaibv, PnddledSteel, 


Do., do. (Boiler plates), 


I 


i 
\ 

A** 

\% 
I 

1 

A*A 

\ 
A 

A 

A 


t 


L 
C 

L 
C 

L 

LC 

L 
C 


H 


c 

L 
C 


f 


L 
C 

c 


\\ 


L 
C 


L 
C 


lbs. 

94,289 
96,808 

81,719 
87,150 

75,594 
69,082 

96,280 
97,150 

96,989 

72,408 
73,580 

101,450 
84,968 

102,598 
85,865 

77,046 
67,686 

71,582 

102,284 
84^898 

96,820 
78,699 


lbs. 

100,068 
111,811 

104,282 
112,018 

105,554 
112,546 

114,106 
114^300 

118,805 

81,828 
78,245 

109,552 
91,746 

107,827 
89,116 

88,240 
78,684 

77,520 

108,079 
87,877 

107,614 
76,64^ 


percent 

5-71 
9*64 

17-50 
17-82 

19-82 
19-64 

8-61 
8*93 

14-4 

5-98 
8-21 

2-79 
1-25 

4-86 
8*80 

616 
5-72 

8-57 

8-60 
2-68 

8-22 
414 


S50. Steel plate0 often defleieiit In mlfbrmlty and tonffli- 
—Safe working strain. — The reader will observe that the 
ultimate set of steel plates is in general small compared with 


%. 


/ 
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that of the tougher kinds of iron in Table IX. This indicates the 
direction to which manu&cturers of steel should direct their 
attention, as for many purposes, especially shipbuilding, toughness 
and ductility are quite as essential as great tendle strength (S54). 
Judging irom the experimenta in Table XIII., plates of cast-steel 
(now called *' crucible" cast-steel to distinguish it from Bessemer 
cast-steel. Homogenous metal, or other recent inventions) are tougher 
than puddled steel. Sometimes steel plates are so brittle as to fly 
in pieces under the hammer, or split in punching, and thick plates 
are said to possess this undesirable quality to a greater degree than 
thin ones. Complaints also are made of want of uniformity of 
texture, some plates of a lot being all that could be desired, while 
others of the same lot may be hard and brittle. Owing to this 
uncertainty the manufactmre of steel plates seems still in a transition 
state, and consequently en^eers and naval architects have not 
made use of the material to the extent to which its superior tensile 
strength seems to destine it. We cannot, therefore, infer from 
extensive practice what is the safe working strain for steel. Probably 
one-fourth of the tearing strain, or irom 8 to 10 tons per square 
inch for plates, is a safe tensile working strain. The most im- 
portant steel girder bridge which has come under my notice is that 
constructed by Major Adelskold, of the Royal Swedish Engineers, 
for the Herljunga and Wenersborg Railway in Sweden. The 
girder is an inverted bowstring, carrying the ndlway in one span 
of 1 37^ feet over a rapid torrent (•15). " The dimensions are 
calculated for a strain of 8 tons per square inch, every portion 
having been tested to 16 tons per square inch before being put in 
place." * 


DIFFEBENT METALS AND ALLOTS. 

SOO. Tensile streiiffih of dUTerelfet metols and alloys. — 

The following table contains the tensile strength of different 
metals and alloys by various experimenters. 

* The Engineer, Vol. xxii., p. 240, 1866. 
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TABLE XIV.— Tbhtbili STftxiroTR of DippmirF Mitalb and Allots. 


Deserlptton of MeUL 


Spedfle 
Grmvity. 


InltlalBof 

Experi- 

menteriw 


Tearing Strain 
Square Inch. 


Bnm, Fine Yellow Oait, 

I/o*y Wire^ • - . 

Copper, Wronglity reduced per hammer, 

Do., do., in bolti, 

Do., Caet, 

Da, do., Lake Saperior, 

Do., Sheet, • 

Dob, Wire, not annoaledi 

Do., do., annealed, - 

Gun Metal or Bronae, hard. 

Do., mean of 83 gnn-headfl, 

Do., mean of 5 breeoh-sqoaree, • 

Do., mean of S2 smaU ban oaM in same 
moulds with gnns, 

Do., smaU ban cast j«>nmonlds, 
separately in - ^^^ ^^ 

Da, in finished gnns, 
Yellow Metal, Patent, 
Lead, Cast, 

Do., Sheet, • 
Hn, Cast, 

Do., Banoo, - 

Da, 


8,672 


8,523 
8,766 
8,584 
8,953 
8,818 


7,297 


B. 

D. 

B. 

K. 

B. 

W. 

N. 
M. D. 
M. D. 

B. 

W. 

W. 

W. 

W. 

W. 

w.| 

K. 
B. 
N. 
B. 
W. 
M. D. 


lbs. 
17,968 

91,825 

33,792 

47,986 

19,072 

24,252 

80,016 

77,504 

32,144 

36,368 

29,655 

46,509 

42,019 

37,688 

25,783 

23,108 
to 52,192 

49,185 
1,824 
1,926 
4^736 
2,122 
2,845 


tons. 
= 8-02 

= 40-77 

= 1508 

= 21-40 

= 8-51 

= 10-82 

= 18-4 

= 34-6 

» 14-35 

= 16-28 

= 13-24 

= 20-76 

= 18-76 

= 16-82 

= 11-51 

_ 10-8 to 
23-3 

= 21-9 
= 0-81 
= 0-86 
= 211 
= 0-95 
= 1-27 


D. Dofoor, MUtmS de$ le^ona mr Vapplication de la MSeanique, ' Par M. Navier. 
Brossels, 1839, p. 35. 

M. D. Minard et Desormes, idetn, pp. 84, 36. 

N. Navier, idem, p. 86. 

K. Kingston, Barlow on the Strength of MaUriah, p. 211. 

B. Bennie, PhUotophieal TranaacHoM for 1818, p. 126. 

W. Wade, Report* of Experiments on MetaUfor Cannon^ hy Officert of the Ordnance 
Department, IL 8, Army, 1856, pp. 281, 288, 289^ 290, 295. 
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SM. MUoym of eopper and Btne^ and eopper aad tfn. — 

Table XV. contains the results of experiments made by B. 
Mallet, Esq., on the physical properties of certain alloys of copper 
and zinc, and copper and tin* 

TABLE XV.— PHTnoAL Pbopbbtub or Allots of Goppu avd Znro, ahd 

GoFPiB AHD Tnr. 


OOPPEB AND ZING. 

Ch«mleal 
Conttltation. 

Composition by 
irelj^t per cent 

Spedflo 
Onvity. 

Tearing 

Strtfn 

per square 

Inch in 

ton*. 

Commercial TtOa. 

Oo 

100 +0 

8-667 

24-6 

Copper. 

5 0a+ Zn 

88-02 + 16-98 

8-416 

18-7 

BathMetaL 

4Cii+ Zn 

79*65 + 20*86 

8-448 

14-7 

DntohBraaB. 

8 Cn + Zn 

74-68 + 26-42 

8-897 

18-1 

BoUed Sheet Bfms. 

2 0u+ Zn 

66-18 + 88-82 

8-299 

12-6 

Britiah BrMi. 

19 0a+12Zn 

60-00 + 40*00 

8-200 

1-9 

MnntE Patent Sheathing. 

Ca+ Zn 

49-47 + 60-68 

8-280 

9-2 

Qeiman Brass. 

Oa+ 2Zn 

82-86 + 6716 

8-288 

19-8 


Co + 4Zn 

19-66 + 80*86 

7-871 

1-9 

White Bntton Metal. 

Zn 

+ 100 

6-896 

16-2 

Zino, brittle. 


C P P 

E B J 

LK D 

TIN. 

10 Cn + Sn 

84-29 + 16-71 

8-661 

16-1 

Gun Metal. 

9Cn + Sii 

82-81 + 1719 

8-462 

16-2 

Gun Metal. 

8 On + Sn 

81-10 + 18-90 

8-469 

17-7 

Gun Metal, tempera best 

7Cn + Sn 

78-97 + 21-08 

8-728 

18-6 

Hard Mill Brasses, Ac. 

On-f Sn 

84-92 + 66-08 

8-066 

1-4 

Small bella, brittle. 

Cn + 8Sn 

1617 + 84-83 

7-447 

8-1 

Speculum Metal of Authors. 

Sn 

+ 100 

7-291 

2-6 

Tin. 


Non. — "The ultimate cohesion was determined on prisms of 0-26 of an inch square, 
without having been hammered or compressed after being cast. The weights giyen 
are those which each prism just sustained for a few seconds before rupture." 

• On the Oonstructum of Artillery, By Robert Mallet, F.B.S. 1866, p. 82. 
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The tensile strength of brass wire and unannealed copper wire 
in Table XIV., and that of cast copper in Table XV., seem 
high, while that of Muntz Patent Sheathing in Table XV., seems 
low; fxirther experiments, perhaps, may modify them. 

S6t9. C}«ii Mietol or kroase — WU^flk temperature at ca«tiair 
tayiuioa« to kronae. — The proportion of tin to copper in the 
bronze gun metal on which Major Wade experimented was 1 to 8, 
and the great diversity in its tenacity seems attributable to defective 
homogeneity in the alloy, some parts contidning more tin than others, 
and consequently remaining longer fluid. A high temperature at 
casting is injurious to the quality of bronze, as it seems to facilitate 
the separation of the metals, and small bars are stronger than large 
castings, probably because the former solidify more suddenly and 
are thereby not allowed a sufficient time for a division of the alloy 
into separate compounds. Bronze guns are cast on end in flask 
moulds, with the breech downwards, and a large extra head of 
metal above the muzzle to ensure sufficient liquid pressure. Breech- 
squares, being at the bottom of the moulds, are subject to a much 
higher pressure than the gunheads which are at the top, and they 
are consequently both stronger and denser than the latter. The small 
bars cast in the gun mould are stronger than those cast separately, 
probably in consequence of their being under greater pressure, and 
because they were fed, as they solidified, from the mass of the gun 
with which they co9miunicated. Major Wade also attributes their 
superiority to the annealing process they underwent after solidifica- 
tion, from the proximity of the large mass of the gun.* 

TIMBEB. 

S6S. Teaalle Btrea^tli of timltor.— The following table con- 
tains the results of experiments by various authorities on the tensile 
strength of timber in the direction of the fibres. 

* JUp. on ExpU, on Metak for Cannon^ pp. 296, 299. 
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TABLE XVI.— Tbhbili SnuNaTH of Tixbib Lbhothwats. 


Description of Wood. 

Tearing Strain 

In Its. 
per Square Inch. 

Authority. 

Mahogany, 

• 


8,000 

Bailow. 

Do. 

• 



21,800 

Bevan. 

Acacia, 

fl 



16,000 

Beyan. 

Alder, 

. 



18,900 

Muachenfaroeck. 

A«h, • 

. 1 



12,000 

Do. 

Do. 

. 



16,700 

BevaiL 

Do. 

■ * 



17,000 

Barlow. 

Beech, 

■ m 



11,500 

Barlow. 

Do. 

m 



17,800 

Musbhenbroeck. 

Do. N . 

• 

. f 



22,000 

Beran. 

Box, 

■ ■ 



20,000 

Barlow. 

Cedar, 

» 1 



4,880 

MoBchenbroedc. 

Do. 

• • 



11,400 

BoTan. 

Cheenut, SpaniHh, < 

> a 



18,800 

Bondelet. 

Do. 

. a 



10,500 

Bevaii. 

Cypress^ - 

• > 



6,000 

MuBchenbroeck. 

Elder, 

• 1 



10,000 

Do. 

Rim, 

» . 



18,200 

Do. 

Do. 

a 



14,400 

Bevaa. 

Fir, 

• < 



8,880 

MoBchenbroeck. 

Do. 

m 



12,000 

Barlow. 

Jugeb, 

■ 



18,500 

MuBchenbroeck. 

Lance Wood, 

. 



28,400 

Beyan. 

Larch, 

« 



10,220 

Bondelet. 

Do. 

. 



8,900 

Bevan. 

Lemon, 

* m 



9,250 

MoBchenbroeck. 

Locust-tree, • 

- 


20,100 

Do. 
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TABLE XVI.^TiMBiLi STBnroTH ov Timbbb Lbhothwats— «0Nt»4Mf«d. 


Deeeription of Wood. 

Tearing Strain 

inlbs. 
per Square Inch. 

Authority. 

Mulberry, - 




12,500 

Muschenbroeck. 

, O^k, - 




17,800 

Do. 

Do., EngliBh, 




10,000 

Barlow. 

Do., do. • 




19,800 

Beyan. 

Do. 




18,950 

Bondelet. 

Do., BlAck Bog, 




7,700 

Bevan. 

OlSDgO, 




15,500 

MuBohenbroeck. 

Pear, 




9,800 

Barlow. 

Pine, Pitch, 




7,650 

Muschenbroeck. 

Do., Norway, 




14,800 

Beyan. 

Do., do. 




7,287 

Bondelet. 

Do., Petersbui^, 




18,800 

Beyan. 

Plmn, 




11,800 

Muschenbroeck. 

Pom^franiie, 




9,750 

Do. 

Poplar, 




5,500 

Do. 

Do. 




7,200 

Beyan. 

Quince, 




6,750 

Muaobenbroeck. 

Byoamoro, 




18,000 

Beyan. 

Tunarind, - 




8,750 

Muflobenbroeok. 

Teak, 




15,000 

Barlow. 

Do., old, - 




8,200 

Beyan. 

Walnut, • 




8,180 

Muschenbroeck. 

Do. 




7,800 

Beyan. 

Willow, - 



12,500 

Muschenbroeck. 


Barlow, Barlow on the Strength of Materials, p. 28. 
Muschenbroeck, itlem, p. 4. 
Beyan, Tredgolors Carpentry, 4tb edition, p. 41. 
Rondelet, uUm, 
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S64. Ijateral adhesion of the flhres. — The following table 
gives the lateral adhesion of the fibres, that is, the tensile strength 
of timber across the grain, in which direction it is much weaker 
than lengthways. 

TABLE XVII.— TxNSiLi SrBiNaTH of Timbib Cbosbwatb. 


Deaeription of Wood. 

Tearing SCnln 

in IbflL 
per SquAre Inch. 

Authority. 

Fir, Memel, .... 

540 to 840 

Bevan. 

Do., Scotch, . . . - 

562 

Do. 

Larch, ..... 

970 to 1,700 

Tredgold. 

Oak, 

2,816 

Do. 

Poplar, ..... 

1,782 

Do. 


Bevao, TrtdgoUPt CarpeiUry^ p. 42. 
Tredgold, idem. 

365. TensUe worklngr straiii of timltor should. In seneral, 
not exceed one-tonth of Its tearlnff sirain* — Owing to its 
liability to decay, the tensile working strain of timber in permanent 
structures should in general not exceed -^^^th of its tearing strain. 
When, however, timber is used for merely temporary purposes, such 
as military bridges, a much higher working strain, probably ^th of 
the tearing strain, may be safely adopted, as Mr. Barlow states 
that he " left more than three-fourths of the whole weight hanging 
for 24 or 48 hours, without perceiving the least change in the state 
of the fibres, or any diminution of their ultimate strength.** * 

STONE, BRICK, MORTAB, CEMENT, GLASS. 

S66. Tensile strength of stone. — As stone is rarely employed 
in direct tension, there are but few experiments on its tensile 
strength. 


* Barlow on the Strength of Materials, p. 24. 
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TABLE XTVIII.— TivBiLa Stbingth or Srovi. 


Name of Material. 

Tearing strain 

in lbs. 
per Square Inch. 


Arbroftth PaTement, 



1,261 

Bucfaanao. 

GaithnesB do. 



1,054 

Do. 

Graigleitli Stone, • 



458 

Do. 

Hail€8, 



886 

Do. 

Homfaie, • 



283 

Do. 

Biimioy 



279 

Do. 

BedhaB, • 



826 

Do. 

Whiiutone, 



1,469 

Do. 

Huble, White, - 



722 

Do. 

Do.y do. 



551 

HodgkinBon. 


Bnchanan, see Practical MeckatUet* Jowmal, Vol. I., pp. 287, 285. 
Hodj^dnton, see Tredffold on the Strength of Ckut-iron, p. 287. 

869. Tensile slrenffth ofFbMtor oflPaite and lilme mortar. 

TABLE XIX.— TnrBiLB Stbototh or PijlBtib or Pabis ahd Limb Mobtib. 


Name of Material. 

Tearing strain 

InllML 
per Sqoaie Inch. 

Authority. 

Plartcr of Parw, ... - - 

Mortar of Qnartzoae Sand and eminently Hydraolic 
Lime, well made, 

Mortar of Qoartsoee Sand and ordinaiy Hydraulio 
Lime, well made. 

Mortar of Qnartsoee Sand and ordinaiy Lime, well 
made. 

Mortar badly made, .... 

71 
186 

85 

51 

21 

Bondelet. ' 
Vioat. 

Do. 

Do. 

Do. 


Bondelet, see BSnmi det kfont »ur rappUeoHon de la MSccmique d Vitabluaement 
dcB Oonttructkm, Par M. Navier, p. 18. 
Vioat, idem* 
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S6§. Adhenloii of VUmter of Parte and Um^ auiitar to kriek 
or 0tone. — ^Rondelet states that the adhesive strength of plaster 
of Paris to brick or stone is about frds of its tensile strength. 
Its adhesion is greater for millstone and brick than for limestone, 
and diminishes greatly with time. Rondelet also states that the 
adhesion of mortar to stone or brick exceeds its tensile strength.* 

S69. TensUe streasih of Portiaad cement and CTement 
mortar — MrirAnft^ matter or loam Tery tayarlons to eement 
mortar. — The following tables show the tensile strength of 
cements and cement mortar. With the exception of the French 
experiments in Table XX., they are all taken from Mr. Grant's 
valuable paper on the Strength of Cement in the Proceedings of the 
InstitiUion of Civil Engineers^ Vol. xxv., p. 66. Proof samples of 
cement are generally made into |HI shaped bricks, 1^ inches 
square at the waist ; these are immersed in water as soon as the 
cement sets, and they remain immersed till the time of testing. 
TABLE XX.— TnnanA Stbbkoth of Evolisb and Fbxngh Csmxeitb. 


Deacriptton of Cement. 

Tetzlng Strain 

inlbs. 
per Sqnare Inch. 

Authority. 

EDgluh artificial Portland Cementy at the end of 7 
cUjb' immenion in water, 

Do., after 1 year's immardon. 

Do., do. 

Boulogne natnral Portland, do. 
Boman Cement, firom "Septaria," 

270 

478 
427 to 498 

640 to 711 
170 to 218 

Grant. 

Do. 

Belgrand and 
Michelot. 

Do. 

Do. 


Belgrand and Michelot, see QiUmore en Limet, HydrauHc OeinetUt, and Morton^ 
p. 268. New York, 1868. 

Artificial Portland Cement is made of chalk and clay in certain 
definite proportions, carefully ground together in water. The 
mixture is then run off into reservoirs where it settles, and, after 
attaining sufficient consistency, it is artificially dried and then 
caldned in kilns at a high temperature, the calcination being 
carried to the verge of vitrification. The burned cement ifi ground 
in the ordinary way between millstones. 

* Riwmi det LeforUt p. 13. 
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TABLE XXL—MKFBOFouTABr Main DEAiNAaB— Oontraot8 ov thi Sooth bidb 

POBTLAHD QmnEtn, Smvmv Dat Tists, wbou 1859 to 1865. 


Numb of MairafMtnren and Acenta 

Quantity 

in 
BmUiels. 

ArengQ 

Weight per 

BoaheL 

Number 

of 
Teate. 

Onarea«S-M 

squaro Inchea. 

7 days old. 

Avenge 

Breakliig 

Tests. 

Specifled 

Standard 

Teat. 

Mr. Bobina - - • 

128,467 

lbs. 
119-43 

1,428 

lbs. 
670-67 

lbs. 
400 

BnrhAin Brick and Cement 
Company (Mr. Webster) 

988,822 

112-89 

7,028 

68109 

400 ft 500 

Meesre. Lee and Co. 

99,450 

120-08 

962 

612-85 

400 

MeMTB. E. Bow and Co. (Agents) 

1,000 

— 

10 

546-80 

— 

MeMTB. J.B. White k Brothers 

84,480 

109*18 

827 

544*18 

— 

Mr. Hilton - 

27,788 

11417 

510 

51101 

— 

Measrs. Knight and Co. 

69,858 

112-66 

574 

500*58 


BCr. Rmeed 

44,241 

111-85 

428 

452-86 

— 

Mr. Wood (agent) - 

8,600 

107-88 

102 

444-50 

— 

Meesre. Cnbitt and Co. 

— 

112-00 

6 

40911 

— 

Mr. Buckwell (Agent) 

1,400 

10000 

8 

408-50 

— 

Means. Fletcher k Co. (Agents) 

20,154 

118-00 

179 

89408 

^^ 

Messrs. Francis Brothers 

1,000 

105-66 

81 

828*22 

— 

G^enerally • 

— 

10600 

14 

184*71 

— 

1,869,210 

114-15 

11,587 

606-80: 

= 270 lbs. 





¥b 

q.in. 


NoT>— 1 cabio foot = '779 bnahels. 

1 bnahel = 1*288 oabic feet. 
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TABLE XXIII.— Tabli of the Results of 160 Experiments with Portland Oement 
weighing 128 lbs. to the Imperial Bnshel, ganged neat, and with an eqoal proportion 
of dean Thames Sand, showing the Breaking Weight on a Sectional Area of 2*25 
Square Inohee. lliese form the first portion of a Series intended to extend over 10 
yean. The whole of the Specimens were kept in Water fonn the time of their being 
made till the time of Testing, 1868 and 1864. 


1 

Age. 

On Ans -• 9-2ft 8<iaare Inchesi 

Nest Cement 

1 of Cement to 
1 of Suid. 

Arenge Breaking 

Test of 10 

Ezpertanenti. 

Test of 10 
Experfanenia. 

7 Days 

1 Month 

8 Months . 
6 Ditto . 

9 Ditto 

12 Ditto . 

2 Tears 
8 Ditto 

lbs. 
817-1 
985-8 
1055-9 
1176-6 
1219-5 
1229*7 
1824-9 
1814*4 

lbs. 

858-2 

452*5 

547-5 

640-8 

692*4 

716-6 

790-8 

784-7 


TABLE XXrV.— Southern Outfall Works, Crossness. 
Cement Tests, from 1862 to 1866, showing generally 
increased Specific Gravity. 


Summary of Portland 
increase of Strength with 


Nnml>erof 
Boehela. 

ATenge 
Weight 

per 
BnaheL 

Tearing Stnln 
on 

Area-9-36 
Square Inches. 

7 days old. 

Nomberof 
BnahelB. 

Ayerage 
Weight 

per 
BnsheL 

Tearing Strain 

on 

Area«3-3( 

Sqvare Inches. 

7 days old. 

1,800 
5,800 
26,166 
87,086 
20,820 
6,900 
18,812 
10,610 
24,224 
16,240 
27,400 
26,800 
28,806 

lbs. 
106 

107 
108 
109 
110 
111 
112 
118 
114 
115 
116 

117 
118 

lbs. 
472-6 

592-8 

650-1 

646-6 

708-8 

698-8 

687-5 

701-5 

699-7 

705-5 

768-8 

718-4 

644-1 

12,500 

18,580 

15,144 

5,000 

5,428 

18,400 

5,400 

1,800 

1,800 

8,600 

1,820 

1,800 

lbs. 
119 
120 
121 
122 
128 
124 
125 
126 
127 
128 
129 
180 

lbs. 

777-9 

782-8 

705-6 

716-6 

678-6 

819-9 

816-2 

657-2 

864-6 

916-6 

920-2 

918*9 

827,136 

— 

550-6 
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S90. TensUe sirenstii of Roi 
Miortar. — The following tables contain the results of Mr. Grant^s 
experiment's on the tensile strength of Roman cement and cement 
mortar. This cement is very inferior in strength to Portland, and 
is apt to vegetate and crumble awaj, especially if mixed with 
loamy sand, 

Boman Cement is a natural cement, derived from argillo- 
calcareous, kidney-shaped stones, called " Septaria,*' belonging to 
the Kimmeridge and London clay, generally gathered on the sea 
shore, though sometimes dug out of the ground. 


TABLE XXV.— Tablb of the Reeolts of 90 Ezperimente with Boman Cement and 
Sand. MannfiMstnred by Meflsrs. J. B. White and Bbothxbs. March, 1864. 


Age and 

Time 
iminorsed 
in Water. 

On Area = 2*96 Square Inches. 

Neat Cement 

I Cement to 1 Sand. 

Breaking 
TM. 

Mazimnm 

Breaking 

Test 

Ayerag« 

Breaking 

Teat 

Hinimnm 
Breaking 

TOBt 

Maximnm 

Breaking 

Teat 

Average 

Breaking 

Teat 

7 Days . 
14 Ditto . 
21 Ditto . 

1 Month 

8 Months 
6 Ditto . 

9 Ditto . 
12 Ditto . 

Ibe. 
170 

160 

170 

246 

807 

442 

818 

596 

Ibe. 
240 

190 

205 

291 

844 

502 

520 

680 

Ibe. 
2020 

1780 

186-5 

260*8 

822-5 

472-7 

471-1 

648-1 

Ibe. 
15 

Iba. 
45 

i| 1 1 1 1 1 1 1 
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Sifl. Temdle straifftli of Me«ie% ParlAB, aa« Mcdttna 
fktmim. — The following tables contain the results of Mr. Grant^s 
experiments on the tensile strength of Keene^s, Parian, and Medina 
cements. The two former are chiefly used for internal decoration ; 
Medina is a natural cement, like Roman, and is inferior in strength 
to artificial Portland cement, which is made of chalk and clay. 
Medina is useful for pointing the joints of quick-setting marine 
masonry which has been set in Portland cement. It hardens 
rapidly and prevents the rising tide from washing the slower 
setting Portland out of the joints before it has had time to harden 
sufficiently to resist the action of water in motion. 


TABLE XXVII.— Tabli of the Besalts of 120 ExperimentB with Keene's Cement^ 
manufiMtiuped by MesBra. J. B. Whitb and Bbothibs ; and Parian Cement^ manu- 
factored by Meesra. Fbavob and Sohb. 

In Water in Testing-hoiue^ and out of Water in Testing-houae, September, 1864. 


Age and Time 
Immened in Water. 

On Ana -» 2*35 Sqnare Inches. 

Keene's 

Cement 

Parian Cement 

In Water. 

Out of Water. 

In Water. 

Get of Water. 

Average 
Breaking Teat 

Average 
BreaUngTert. 

Average 
Breaking Test 

Average 
Breaking Teat 

7 Daya • 

Ibe. 
648-9 

Iba. 
546-0 

Iba. 
595-1 

Iba. 
642-8 

14 Ditto - 

486*9 

585*8 

600-8 

671-2 

21 Ditto - 

503*0 

579-4 

543*4 

696-6 

1 Month 

490^ 

584-2 

544-8 

746-7 

2 Mentha 

4547 

648-4 

500-7 

725-6 

8 Ditto - 

508-8 

720-5 

521-1 

• 

858-7 
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TABLE XXTIII. — Tablb of thb Bisui/ra of 100 Expsbiiovts with Midina 
AND Sakd. Mavufaotubxd bt MiflfiBS. Fbakoib Bbothbrs, 1864. 


Age and Time 
Immened In Water. 

On Area — 3-26 Square Inches. 

Neat Cement. 

1 Cement to I Sand. 

Breaking 
Test. 

Maximum 

Breaking 

Test. 

Average 

Bmaking 

Test 

Minimum 

Breaking 

Test. 

Maximum 

Breaking 

Test. 

Average 

Breaking 

Test 


lbs. 

lbs. 

lbs. 

lbs. 

lbs. 

lbs. 

7 Days 

88 

100 

92-1 

— 

— 


Ditto (2nd Series) - 

195 

235 

2110 

41 

68 

49 

14 Days 

238 

885 

803-4 

— 

— 

- 

21 Ditto 

274 

832 

298-0 

— 

— 

— 

1 Month 

210 

846 

8060 

— 


— 

3 Months 

420 

468 

448-8 

— 

— 

— 

6 Ditto 

376 

438 

412-4 

^ 

— 

— 

9 Ditto 

488 

507 

457-2 

— 

— 

— 

12 Ditto 

456 

527 

476-9 

— 

— 



Wn* Grant's eoiicla0lon«. — The following conclusions are the 
i*esult of Mr. Grant's numerous experiments on cement during the 
execution of the Southern Metropolitan Main Drainage Works : — 


1. Portlimd cement, if it be preserved from moistnie, does not, like Roman cement, 
lose its strength by being kept in casks, or saokix, bat rather improyes by age; a great 
advantage in the case of cement which has to be exported. 

2. The longer it is in setting, the more its strength increases. 

3. Cement mixed with an equal quantity of sand i^ at the end of a year approximately 
three-fourths of the strength of neat cement. 

4. Mixed with two parts of sand, it is half the strength of neat cement. 

5. With thtee parts of sand, the strength is a third of neat cement. 

6. With four parts of sand, the strength is a fourth of neat oement. 

7. With five parts of sand, the strength is about a sixth of neat cement. 

8. The cleaner and sharper the sand, the greater the strength. 

9. Very strong Portland cement is heavy, of a blue-grey colour, and sets slowly. 

Quick setting cement has, generally, too large a proportion of clay in its composition, 

in brownivh in colour, and turns out weak, if not useless. 

T 
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10. The Btiffer tbe cement u ^uged, that is, the lav the Ainomit of water used in 
working it up, the better. 

11. It 10 of tbe greatest importanoe, that the bricks, or stone, with which Portland 
cement is used, should be thoroughly soaked with water. If onder water, in a quiescent 
state, the cement will be stronger than out off water. 

12. Blocks of brick -work, or concrete, made with Portland cement, if kept under 
water till required for use, would be much stronger than if kept dry. 

13. Salt water is as good for mixing with Portland cement as fresh water. 

14. Bricks made with neat Portland cemeut are as strong at from six to nine months 
as the best quality of Staffordshire blue brick, or similar blocks of Bramley Fall stone, 
or Yorkshire landings. 

15. Bricks made of four parts or five parts of sand to one part of PortUnd cement 
will bear a pressure equal to the best picked stocks. 

16. Wherever concrete is used under water, care must be taken that the water is 
still. Otherwise, a current, whether natural or caused by pumpiug, will carry away the 
cement, and leaye only the clean ballast. 

17. Roman cement, though about two-thirds the cost of Portland, is only about 
one third its strength, and is therefore double the cos^ measured by strength 

18. Roman cement is very ill adapted for being mixed with mnd. 

999. Tensile ste'enffth off ffiass. — 

TABLE XXIX. — ^Tbnsilb Stsinoth of Glass. 


Deacriptlon of Glasa 

Tesring Strain 
per Square IndL 


Glass Tubes and Bods 
Annealed Flint Glass Rod - 
Common Green Glass Bod - 
White Crown Glass EUkI 

lbs. tons. 
8,527 = 1-57 
2,418 = I 07 
2,896 = 1-29 
2,546 = 114 

Navier. 

Fairbaim and Tate. 

Do. 

Do. 


Fairbaim and Tate, PhUosophical Tratuaetioru, 1859, p. 216. 

NaTier, Risumi da ItfOM tur I' application de la Mieaniqut d VitahliuemeiU de» 
OonstructionMf p. 87. 


g94. Thin plates off fflass stronirer than stent 
Crashlni^ strenipth off irlass Is M times Its tensile 
strenirth. — In their experiments on the resistance of thin glass 
globes to internal pressure, Messrs. Fairbaim and Tate found that 
the tenacity of glass in the form of thin plates is 5,000 lbs. per square 
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inch, or about twice that of glass in the form of bars. On this 
they observe : — '* The tensile strength is much smaller in the case 
of glass fractured hj a direct strain in the form of bars, than when 
burst by internal pressure in the form of thin globes. This difier- 
ence is, no doubt, mainly due to the fact that thin plates of this 
material generally possess a higher tenacity than stout bars, which, 
under the most favourable circumstances, may be but imperfectly 
annealed.^* '* The ultimate resistance of glass to a crushing force is 
about 12 times its resistance to extension*^* (MS). 

CORDAGE. 

S95. Tensile streB^th off eordaige. — ^Table XXX. gives 
the sizes, weights, and strength of different kinds of best Bower 
cables employed in the British Navy.f The strength was deter- 
mined by the chain-testing machine in Woolwich Dockyard, in 
which the strain is measured by levers. 


TABLE XXX.— TiNsiiJi STBsrGTH or Bownt Cablxs. 

■ 

BMt Bower Hempen Cables, 100 Fathoms. 

Nmnberof 
Threads In each. 

Tearing Strain 
by Experiment. 

CIrcimiference. 

Weight. 

Inches. 

Cwt. qrs. Iba. 


Cwt. qrs. lbs. 

23 

96 2 27 

2,786 

114 

22 

89 12 

2,520 ) 

89 

21 

SO 22 

2,268 ) 


18 

58 2 6 

1,656 ! 68 

1 

in 

88 21 

1,080 1 40 

1 


Table XXXI. ^* shows the mean results of 300 trials made by 
Captain Huddart. It shows the relative strength or cohesive power 
of each kind of rope, taking as a standard of comparison -j^^th of a 
circular inch, equal to an area of '078 or nearly -('^th of a square 


* Pha, Tram,, 1859, pp. 216, 246. 

t Bnrlow <m the Strength of MateriaUf p. 260 
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inch. It shows that ropes formed by the warm register are 
stronger than those made up with the yams cold; because the 
heated tar is more fluid, and penetrates completely between every 
fibre of hemp, and because the heat drives off both air and moisture, 
so that every fibre is brought into close contact by the twisting 
and compression of the strand; the tar thus fills up every interstice^ 
and the rope becomes a firmly agglutinated elastic substance almost 
impermeable to water. But, although rope so made is both 
stronger and more durable, it is less pliable, and therefore the cold 
registered rope is more generally used for crane work, where the 
rope must be wound round barrels, or passed through puUies.*' *• 

TABLE XX XL — ^Tbksilb Stbergtr of CoBDAax. 


Siieof 
Ropes. 


o 


i 

I 

P 


Tearing Strain, 
Made t>7 the Old Method. 


§1 




I 


1L 

JO 




.a 


Tearing Strain, 
Made by the Register. 






^us 


f& 


® S J 


In. 

8 

3J 
4 

5 

54 

6 

64 

7 

74 

8 


In. 

0-95 

1-11 

1-27 
1-48 
1-59 
1-75 
1-91 
2-07 
2-24 
2-89 
2-54 


; lbs. 

Ibe. 

lbs. 

5,050 

561 

6,030 

6,784 

554 

8,669 

8,768 

548 

10,454 

10,308 

504 

12,440 

18,250 

530 

15,775 

15,488 

512 

18,604 

18,144 

504 

21,616 

20,533 

486 

26,323 


22,932 

468 

27,342 

24,975 

444 

80,757 

26,880 

421 

82,000 


Ibfl. 
670 
707 
653 
614 
681 
614 
600 
559 
558- 
546 
500 


lbs. 

7,880 
11,165 
13,108 
16,825 
20,500 
24,805 
24,520 
84,645 
40,188 
46,125 
52,480 


lbs. 
985 
911 
819 
806 
820 
820 
820 
820 
819 
820 
820 


Ibe. 

8,640 
11,760 
15,360 
19,440 
24,000 
29,040 
88,120 
40,554 
47,040 
54,000 
61,430 


Ibe. 
960 
906 
960 
960 
960 
960 
920 
959 
960 
960 
960 


Note. — i^jth of a circular inch = '078, or nearly iVtb of a equare inch. 

• GlynuV fyidimenttirp Treatise on the Construction 0/ Cranes and Machino'if, 
pp. 93, 94. 
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MW. Streni^th and weight off C^rdaffe — ^Bni^Ush role — 
French role. — '' The old ropemakers' rule was to square the 
girth of the rope in inches, which, multiplied by four, gave the 
ultimate or breaking strength of the rope in cwts., and it was a 
good rule for small cordage, up to 7 inches in circumference. The 
square of half the circumference was considered to represent the 
weight of a fathom in pounds."* The old ropemakers' rule for 
strength is equivalent to 2*51 tons per square inch of section. 

The French rule, as given by Morin,t allows 2*79 tons per 
square inch for the tearing strain of tarred hemp cordage. 

STY. Worklni^ strain off €ordai;e should not exLered one- 
fhnrth off Its hreaklnir wel|rht« — Cordage rapidly deteriorates by 
use and exposure to the weather, and when passed round barrels or 
pullies the outer strands are subject to greater strains than those 
next the barrel. For tliis reason, as well as to diminish useless 
work, the diameters of pullies and barrels should be made as large 
as practicable. Experience alone can estimate the proper allowance 
to be made for wear and friction, and after deducting this from the 
original tearing strength, one-fourth of the remainder is a sufficient 
load in practice, though for merely temporary purposes one-third 
of the tearing strain may be considered safe. 


CHAINS. 

S99. Stad-Unk or Cahle chain — Close-link or Crane 
chain — Open lony-llnk or Baoy chain. — Stud-link chain is 
chiefly used for ships' cables, and derives its name from the cast- 
iron stud or stay which is inserted across the shorter diameter of 
each oval link to keep the sides from closing together under heavy 
strains. It also prevents the chain from kinking, to which long 
links without stays are liable. Short or close-link chain is that in 
common use. It is well adapted for crane work where flexibility is 
essential to enable the chain to pass freely round barrels and pullies. 
Open long-link chain without studs is used for permanent mooring 

* Glynn's Rudimentary TreoHaej p. 92. 
t lUtUtance des MaUriaiix, p. 41. 
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cables, where flexibility is a secondary object, and where lightness 
is desirable, as in the case of lightships or beacon buoys. 

S99. Toislle strength off stnd-elialii. — The following table 
contains the results of experiments on the tensile strength of stud- 
chain made by Mr. William Smale, leading man of the test house 
in Her Majesty's Dockyard, Woolwich* Mr. Smale found that 
the average tearing strain of good round bars of one inch diameter 
was 19 tons, or 24*19 tons per squaiie inch of section; their 
greatest strength being about 20 tons, or 25*33 tons per square inch 
of section. 

TABLE XXXII.—TiNsiLB Stbsnoth of Stud-Chaih. 


Siae 

of 

Chain. 

Length 

of each 

Piece. 

Number 

of 
Pieces 
Tested. 

Mean 

Tearing 

Stnin. 

Gorem- 
ment 
Proof 

Strain. 

Ratio of 

Tearing 

to Proof 

Strain. 

Tearing 
f^^ Strain per 
^~^ 1 square 
^ . tochof 
""• eachside 

of link. 


Tn. 

2 
If 

Ft. in. 
24 

»» 

it 
n 
a 

»» 

M 
l> 

2 
Single linka 

6 
6 
6 
6 
6 
6 
6 
8 
20 

80 

Tons. 
9-58 
18-51 
24-25 
29-54 
59-58 
74125 
92-88 
99-54 
20-88 

78-70 

Tons. 
700 
10^125 
18-00 
22-75 
40-50 
55-125 
68-26 
72-00 
18-76 

65125 

1-87 
1-83 
1-85 
1^80 
1-47 
1-34 
1-47 
188 
1-48 

1-42 

Sq.in. 

•807 

•442 

•785 

•994 

1-767 

2-405 

2-761 

8141 

-601 

2-405 

Tons. 

16-6 

15-8 

15-4 

14^9 

16-9 

15-4 

16-8 

16-8 

16-9 

16-8 

Mannfactored 
by TarioDB 
contracton 
for the 
Gk>y6Tnment. 

( Made in 
] Woolwich 
(Dockyard. 



Mean 

— 

— 

1-89 


15-9 


* RepoH from the Sdeel CammiUu en Anchorty Jte, (Merchant Servioe), 1860. 
Appendix, pp. 151, 152. 
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Messrs. Brown, Lenox, & Co., inform me that they have found 
by experience that the average breaking strain of stud-link chain, 
up to 2^ inches, is from 900 to 1,000 lbs. per circular ^th of an 
inch of the diameter of iron — equivalent to from 16*37 to 18-19 tons 
per square inch of each side of the link. This is for cables of good 
quality^ much chain being made of a description of iron that will 
stand the proof and but little more. Hence stud-chain is about 
§rds as strong as bar iron of the same sectional area as both sides of 
the links together; in other words, the bar loses 33 per cent, of its 
strength by being converted into a link. 

Ex. A one-inoh stud-chain oontftins 64 circular {ths, and, if of good quality, ita 
taaring strain =: 64 X 900 = 57,600 lbs. = 25*7 tons. The tearing strain of two round 
bars of good iron, each one inch diameter, = 2 X 19 = 88 tons. 

S80. CrOTemment Profftf^strain off Stad-elialii. — By a recent 
Act of Parliament,* which continues in force till July, 1872, no 
maker or dealer in chain cables or anchors may sell for the use of 
any vessel any chain cable whatever, or any anchor exceeding 
168 lbs., unless they have been previously submitted to the same 
proof-strain as that adopted in Her Majesty^s Naval Service. For 
stud-chidn this proof-strain equals 630 lbs. per circular ^th of an 
inch of the diameter of iron, equivalent to 1146 tons per square 
inch of each side of the link. Hence the Government proof for 
stud-chains is about f rds of the ultimate strength of cables of good 
quality^ and one-half the strength of ordinary bar iron — 1.«., the 
Government proof of a stud-chain is equal to the ultimate strength 
of the single bar of which it is made, supposing the latter equal to 
23 tons per square inch. 

Ex. A one-inch stud chain has 1'57 square inches of area in both sides of the link 
together, and 1*57 X 11*46 = 18 tons = the proof-strain. The ultimate strength of 
heat hut chain should reach | X 18 = 27 tons, and the breaking weight of the single 
bar should not be less than 18 tons, though better still, 19 or 20 tons. 

The following table gives the proof-strains and weight per 100 
fathoms of stud-chain cables for Her Majesty's Naval Service. 

• Chain Cables and Anchors Act, 1864. 
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TABLE XXXIU. — Soalb of Pboofs SHowiKa ths Tinsilb Stbaibt to which 
Chain Cablis abb subjbotzd bkforb beibo BZOBiyBD fob thb ubb of Hbb 
Majbbtt'b Naval Sbbyiob. 


Diameter 

of Iron 

of 

Common 
IJnki. 

Cknnmon Links. 

stay Pins, 
one 

Diameter 
of the Iron 
at the ends; 

0-6 do. at 
the centre. 

Weight of 

each not to 

exceed. 

Weight of 
100 fathoms of Cable 

in 8 lengths^ 
Indnding 4 swivels, 

and 
8 joining shackles, 

not to be 

exceeded by more 

than one-fifteenth 

part for slses 9i inch 

and upwards, 

and not more than 

one-twentieth port 

for sizes under 

3ilnch. 

Weight of 100 

fathoms, 

with the allowance 

added. 

Proof 
strain, 

equal to 

680 Ite. 

perdrcnlar 

ith inch. 

Mean 

Length 

6 Diameters 

of the Iron; 

not to be 

over more 

than 
one-tenth 

ofa 
Diameter. 

Mean 

Width 

8-6 

Diameters 

of the Iron; 

not to be 

over or 

under more 

than 
one-tenth 

ofa 
Diameter. 

In. 

In. 

In. 

0Z8. 

CwtB. qrB. Ifae. 

Cwt8. 

qrs. 

lb8. 

Tons. 

21 

16i 

9-9 

72 

868 

887 



22 

1861 

n 

15 

90 

54-69 

800 

820 





1121 

■ 2| 

uj 

8-56 

47-5 

270 8 

288 

8 

6 

1011 

n 

18i 

81 

40 

248 

259 



22 

911 

2i 

12{ 

7-66 

88-584 

216 8 

227 

2 

9 

811 

2 

12 

72 

28 

192 

201 

2 

11 

72 

1| 

111 

6-75 

28 

168 8 

177 



21 

68i 

IJ 

101 

6-8 

18-76 

147 

154 

1 

11 

551 

1» 

9} 

5-85 

15 

126 8 

188 



9 

m 

li 

9 

5-4 

11-81 

108 

118 

1 

17 

401 

11 

H 

4-95 

9 

90 8 

95 

1 

4 

84 

u 

n 

m 

4-5 

6-886 

75 

78 

8 



28) 

u 

6f 

4-05 

4-988 

60 8 

68 

8 

4 

22] 

1 

6 

8-6 

8-5 

48 

50 

I 

16 

18 

i 

e* 

815 

2-844 

86 8 

88 

2 

10 

181 

i 

H 

2-7 

1-478 

27 

28 

1 

11 

101 

H 

4i 

2-475 

1-187 

22 2 21 

28 

8 

8 

81 

i 

8f 

2-25 

-854 

18 8 

19 

2 

21 

7 

A 

81 

2*025 

•622 

15 21 

15 

8 

22 

51 

i 

8 

1-8 

-487 

12 

12 

2 

11 

H 

■fir 

2| 

1-575 

•298 

9 21 

9 

2 

16 

81 


NoTB. — ^The tensile strain is applied to each of the 8 lengths separately, and not 
to the whole length of 100 &thom8 at one time. 
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Cables generally weigh the full weight allowed, the iron being 
rolled a little full to allow for waste in the manufacture. Those 
for the merchant service are usually made in lengths of 15 fathoms 
each. 

S91. ClOM-link chain — ^ProofHitralii. — ^The Admiralty proof- 
strain for dose-link chain is 420 lbs. per circular |^th of an inch of 
the diameter of iron, or frds of that for stud-chains; this is 
equivalent to 7*63 tons per square inch of each side of the link, or 
nearly one-half the breaking weight of the chain. 

Table XXXIY. gives the proof-strain and weight per 100 
fathoms of close-link chsdn, the extreme length of links not to 
exceed 5 diameters of the iron ; it also gives the size and weight 
of rope of equal strength. 

TABLE XXXIV. — Admuultt PBooF-STBAiva roft Olosb-luk Chain. 


Diameter 
of Chain. 

Ayetage 

Weight 

per 100 

Fathoom 

Proof strain, 

eqnal to 420 lbs. 

percircular 

|th inch. 

Girth of Rope of 
eqnal Strength. 

Weight of Hope 
perFkaom. 

Inches. 

Cwt. 

Tons. 

Inches. 

Lba. 

ii 

155 

81i 

— 



14 

125 

27 



1| 

104 

22| 

— 


1* 

86 

181 

( 

— 

U 

70 

15i 



1 

56 

12 

10 

22 

a 

50 

lOJ 

9* 

l»i 

i 

42 

H 

9 

174 

« 

85 

7J 

84 

16 

f 

82 

6| 

74 

12 

H 

25 

H 

7 

lOi 

i 

21 

^i 

« 

84 

A 

16 

8! 

64 

7 

i 

18 

8 

<l 

6 

A 

10 

2J 

4 

8} 

1 

7 

1| 

81 

24 

A 

5 

li 

24 

14 

i 

8 

i 

a 

— 

A 

2 

S^cwt 

14 
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The rope of the foregoing table " is such us ia now generally 
made by machinery at most of the large rope works, but was 
formerly known as ' Patent Rope/ in which every yam is made to 
bear its part of the strain ; but if common hand-laid rope be used, 
the proof-strain must be reduced one-fourth, and in actual work 
the load should not, at any time, exceed one-half the proof. ^'* 

S8«« Opra lOBT-Ui^ cbalB — A<ilralty prool^tralB — 
Trinity prooff-«tralB. — The links of long-link chain are not 
oval like those of a stud-chain, but parallel-sided, and the open- 
link chain of same length of link as the stud-chain is lighter by 
the weight of the studs. As already observed, it is suited for 
moorings of a permanent character, such as those of harbour 
mooring buoys, beacon buoys, or light ships, which are seldom 
shifted and where consequently flexibility is a secondary object. 
Besides its comparative lightness, long-link chain has another 
advantage over either close-link or stud-chain, for each 15-fathom 
length of the two latter requires long open-links at the ends for 
the purpose of connecting it by shackles to the adjoining lengths, 
and if one of these chains break, a whole length must be taken out, 
since there is not room for a shackle to pass through the ordinary 
close-link or stud-link. When, however, a long-link chain breaks, 
the links adjoining the fracture can be connected together without 
taking out a whole 15 fathom length, as a shackle will pass through 
any of the long links. The Admiralty proof for large open long- 
link chain without studs is 315 lbs. per circular ^th of an inch, or 
one-half the proof of stud-chain, as shown in the following table. 

TABLE XXXT. — ^ADimiALTT PbooF'STSaivs fob PsziDAirT akd BamLi Chaivb. 


Dtameter 
of Iron. 

Proof Btrain, 

equal to 8160x1 

perdrcnlar 

ithinch. 


Inches. 

H 

8 

li 

2 

Tons. 
1X0 
95 
81 
74 
08 
62 
66 
86 

Permuient deflection or 
colUpsion of link not 
to exceed one qnarter 
of an inch. 


Olynn on the OonttrueUon of Oranet, p. 02. 
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I am indebted to the Elder Brethren of the Trinity House for 
the following information, obtained through the courtesy of the 
Secretary, respecting the proofs adopted by the Corporation in 
testing cable chains such as are used for mooring light-ships and 
beacon buoys: — 

*' The chains are subjected, in lengths of 15 fathoms, to a 
strain of 466 lbs. per circular ^th inch of the diameter of iron 
(equivalent to 8*47 tons per square inch of each side of the 
link, or one-half the breaking weight of the chain). They are 
then repeatedly struck, while the strain is on, with heavy sledge 
hammers; and, after careful examination, a link is broken out 
indiscriminately from parts of the chain to show the quality of 
the iron. New and somewhat larger links are substituted for 
those which are broken or prove defective in the application of the 
process for trying their strength, when the chain again undergoes 
a similar test. The sizes of the chains which are made to stand 
these tests vary from | inch to 2 inches, and the length of the links 
equals 6 diameters of the iron. Trinity chains are manufactured 
of iron specially selected and prepared for the service, and the test 
applied to them — ^which was determined after numerous experi- 
ments — ^is the highest stnun to which open-linked chain can be 
subjected without altering the shape of the link, and is comparatively 
much more severe than the usual test for chain without studs. On 
this account the Elder Brethren do not consider that the tests 
applied to the chains specially supplied for the service of the Cor- 
poration should be adopted as the standard by which to test chains 
of the same dimensions of ordinary manufacture.'' 

S88. Frendi CrOTemment prooC — In the French Marine the 
proof for stud-chains f th inch in diameter and upwards equals 
10*8 tons per square inch of the bar. For chains less than f th inch, 
without studs, the proof is 8*9 tons per square inch * 

S84. Insnlllclene^r off present system off prooC — It will be 
observed that, although the ordinary system of proof by a limited 
tensile strain may be a sufficient test of the workmanship, it does not 
prove the quality of the iron, much chain being made of an inferior 

• Morin, RiaitkMee det MaUriaux, p. 42. 
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description of iron that will stand the proof and but little more. 
The strength and toughness of the iron, as well as the welding, 
may be tested by tearing asunder short lengths of the chain in the 
proving machine, and also by breaking individual links on the anvil 
with a heavy sledge hammer; the more the iron stretches under 
proof, and the more battering the links endure, the greater the 

toughness of the iron and the better the workmanship. 

S§5« Worklnir strain of chaliis should mot exLeeed one- 
liAlf the prooff«tralii. — ^Mr. Glynn* states that both stud and 
short-link chain '* may safely be worked to half the strain to which 
they have been proved, but not to more/' This for stud-chain = 

— - — = 5*73 tons per square inch of each side of the link, or Jrd 

of the ultimate strength o{ good chun, and ^th of the tearing strain 

of ordinary bar-iron. 

7*63 
For close-link chain this rule allows*-^ , = 3'81 tons, per square 

inch of each side of the link, or ^th of the tearing strain of ordinary 

bar-iron. 

S86. ComparattTe strength off stad and elose-link chain. — 

I am indebted for the following practical observations to the courtesy 
of Messrs. Brown, Lenox, & Co., the eminent manufacturers of 
anchors and chains: — " We are not of opinion that studs increase 
the strength of chain, or enable it to bear a heavier ultimate break- 
ing strain than if made without them, both descriptions being made 
of the same length of link. The object of their being used is to 
prevent collapse of the link, which in open-link chain takes place 
at a strain considerably below the breaking strain, and, of course, 
renders the chain unserviceable. They thereby enable chains, made 
with them, to be used for heavier strains than open-link chain, but 
do not add to their ultimate strength — indeed, from the experiments 
we have tried, and the experience we have had, we are inclined to 
believe that the link without stay-pins almost invariably breaks at a 
higher strain than stud-chains. The proof for studded chain is the 
higher, only because a sufficient proof cannot be given to open-link 

* Rudimentary Treatue on the Comtruction of Chains, p. 91. 
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chain before the link spoils its form and. becomes rigid. The stay 
prevents colla|)6e, by which the link is prevented elongating so 
much, and taking its natural position before its utmost power is 
exhausted and a break ensues. The link, if sound in the workman- 
ship, will nearly always break near the stay-pin, which is caused by 
the nip across the stay-pin. If made without stays, it will collapse 
until it is rigid, and the iron will reach as near as possible the direct 
line of the strain, or right through the centre of the chain; the 
sides of the links will incline inwards, and the break will ensue at 
the nip across the crown of the next link." 

S§9. Weight aad strenyth of bar-iron^ 0tiid-eluiln5 dose- 
link chalii^ and eordai^e. — Stud-chain is about 3^ times as heavy 
as the bar of which it is made: thus, one fathom of 1^ inch stud- 
chain weighs about 126 lbs.— a bar 21 feet long would weigh about 
124 lbs. Close-link chain is about 4 times as heavv as the bar: 
thus, one fathom of 1^ chain weighs about 140 lbs. — a bar 24 feet 
long would weigh about 141 lbs. Close-link chain is about 12 per 
cent, heavier than stud-chain made with stay-pins of Government 
dimensions ; large and heavy stays are introduced by some manufac- 
turers into ordinary cables, thereby greatly increasing the useless 
weight of cast-iron, and enabling the chain to be sold cheaper by 
weight. The following table shows at a glance the relative weight and 
strength of bar-iron, stud-chain, close-link chun, and hemp cordage. 

TABLE XXXVl. — Wkioht ikd Stiuwoth of Bab-Ibok, CHAnr, akd Cordaob. 


Weight of 

100 

Fathoms; 

(d»dJa- 

meter in 

inches). 


Tearing Strain 
per aqnare inch. 


P 

M 

fill 


II 

I 




1^-1^ 


If'l 


IJII 


Safe Working ^Ss| 

Strain 2H I 
per Bqnare inch. ;&S g'S i 


Bar-Iron, . - . . 

Stud-chain, 

Cloee link chain, 

Hemp Cordage ^hand made), 


Tonp. 

0-7 Od*. 

2-80d« 


Tons. 
24 

16 ) on each 
> side of 
161 link 

2-51 


100 
262 
300 
150 


Tons. 
6-0 

5*7 ) on each 
> Bide of 
8-82 ) link 

0-63 


100 
184 
814 
150 
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WIBS ROPE. 

M9« T«i«lle straiffth fftf roviMl Iron a»d steel wire rope 
hemp rope. — ^The following table shows the strength of iron 

wire rope and hemp rope, by the eminent American Engineer, 

J. A. Roebling, Esq.* The breaking weight is given in the 

American ton of 2,000 lbs. 



J. A. : 

ROKBLIHO, C.E. 



of WireBope 
iniiiclMs. 

Trade 
Number. 

(SrcuinferaDce 

of Hemp Rope 

of equal Btrei^tfa 

in inches. 

Tearing 

Strain in tons 

ofS,0001b& 

f 

«-62 

1 

154 

74 


S-20 

2 

in 

65 


5*44 

8 

18 

54 


4-90 

4 

12 

48-6 

Pine Wire, i 

4*50 
8*91 

5 
6 

10} 

85 
27-2 


8-86 

7 

8 

20*2 


2-98 

8 

7 

16 


2-56 

9 

6 

11-4 

\ 

2-46 

10 

5 

8-64 

I 

4-45 

11 

10! 

86 


400 

12 

10 

80 


8-68 

18 

H 

25 


8-26 

14 

H 

20 

GoaneWire,! 

2*98 

15 

H 

16 


2-68 

16 

6i 

12*8 


2-40 

17 

5* 

8-8 


212 

18 

5 

7-6 


1-9 

19 

475 

5-8 


* MtMornntla on the Strenffth of Materiah^ by J K. Whildin, New York, p. 9. 
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TABLE XXXVIl.— -arBuroTB or BotiirD Ibov Wibi Rops akd HntP Ron, bt 

J. A. RoJDLiva, C.E.^-Oontimied. 



of Wire Rope 
Inincheib 

Trade 
Number. 

of Hemp Rope 

of equal strength 

inlncbee. 

Tearing 

Strain in tons 

of S,OOOIbe. 

I 
Goftne Wire, 

1-63 
1-63 
1-81 
1-28 
Ml 
0-94 
0-88 
0-78 

20 
21 
22 
23 
24 
25 
26 
27 

4 

8-8 

2-80 

2*46 

2-2 

2*04 

1-76 
1-50 

4*09 
2-88 
218 
1-66 
1-88 
108 
0-81 
0-56 


TABLE XXXVIIIrf— Wkoet, Stbikoth, and WoBKora Load op Hemp and 
BouHD Wna Bopbs, ab btatso bt thb Makbbb, Mbsbbb. Nbwall akd Co. op 
Gatbshbad-ok-Ttbb. 


Hemp. 

Iron. 

Steel. 

Equivalent Strength. 

1 

Circam- 
fereuce. 
Inches 

Lha. 

Weight per 

Fathom. 

Circum- 
ference. 
Inches. 

Lbs. 
Weight per 

Clrcnm- 
ferencei 
Inches. 

Lbs. 

Weight per 
Fathom. 

Working 
Load. 
Cwts. 

W 

1 

2} ' 2 


1 


i 



2 

\ 

u 

1* 

1 

1 

9 

8 

H ^ 

li 

2 

— 



12 

4 

1 

1 
1 

i« 

24 

14 

1* 

15 

5 

ik 

5 

1* 

8 

— 



18 

6 

— 

— 

2 

H 

14 

2 

21 

7 

H 

7 

! 2J 

4 

li 

24 

24 

8 


1 

1 

, '* 

4i 

— 


27 

9 

6 1 9 

: n 

1 

5 

li 

8 1 

80 

10 


21 

5i 

— 

— 

88 

11 

6* 

10 

2| 

6 

2 

84 ' 

86 

1 

12 
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TABLE XXXYIII. — ^Wxiort, Stbeitgth, ahik Wobkiho Load or Hxkp and 
Bound Wibb Rons, as btatid bt thb MAKTnis» Mnwroa Niwall and Ck>. or 
6atb8HBAd-on-Ttnx. — Continued, 


Hempw 

Iron. 

1 
1 

SteeL 

EqoiTmlent Strength. 

Circnm- 
ference. 
InchM. 

Lbs. 

Weight per 

Falbom. 

ClrcmiH 
ference. 
Inches. 

Um. 

Wdghtper 
Fathom. 

Circam- 

ference. 

Inches. 

Lbe. 

Weight per 

FathonL, 

1 

Working 

IXMd. 

Cwts. 

Tearing 
Strain. 
Tone. 

— 


2i 

«4 

H 

4 

89 

18 

7 

12 

2i 

7 

1 

•21 

H 

42 

14 

— 

— 

8 

n . 

1 ^~* 

— 

45 

15 

74 

14 

»». 

8 

2i 

5 

1 

48 

16 


— 

8i 

84 

— 

1 

51 

17 

8 

16 

8J 

1 

9 

2* 

5* 

54 

18 

— 


: 8* 

10 

n 

6 

60 

20 

84 

18 

Si 

11 

n 

64 

ee 

22 

— 

— 

Si 

12 

— 

— 

72 

24 

H 

22 

1 

8J 

18 

8i 

8 

78 

26 

10 

26 

4 

1 
14 



— 

84 

28 

— 


*i 

15 

81 

9 

90 

80 

11 

30 

<l 

16 



— 

1 

96 

82 

— 

— 

*4 

18 

Si 

10 

108 

86 

12 

1 

84 

*« 

20 

i 

8i 

12 

120 

40 


889. Tensile strenfftli of flat Iron and steel wire rope and 
flat hemp rope. 

TABLE XXXTX. — Weight, Stbbnoth, and Wobkino Load or Flat Hxmp 
RoFX and Flat Wtbb Rope, as stated bt the baxb Makebs. 


Hemp. 


ron. 


SIxein 
Inches. 


Lbs. 

Weight per 

Fatiiam. 


Size in 
Inches. 


Lbs. 

Weight per 

Fi^om. 


Steel. 


Size hi 
Indieii 


Lbs. 

Weight per 
Fathom. 


Equivalent Strength. 


Working 
Load. 
Cwts. 


Tearing 
Strain. 
Ton«L 


4 +1| 

5 H-U 


20 
24 


2i+ 4 
2}+ „ 


11 
13 


I 


44 
52 


20 
23 
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TABLE XXXTX.— Weiqht, Stbihqth, ahd WoBKiNa Load op Flat Hemp Bopb 
AND Flat Wm Bon^ as hxaxbd bt the bamm Makxb& — Continued, 


Hemp. 

Iroa 

SteeL 

E<iniTi]eiit Strength. 

Siiein 
Inches. 

Lbt. 
Wei|^ 

per 
nuhom. 

SiMlll 

Indiea. 

Lbe. 

Weie^ 

per 
Fathom. 

Biieln 
Inchea 

ft 

Ltae. 
Weight per 

Worktog 
Load. 
Cwta 

Tearing 
Strain. 

TOMw 

6 +1* 

7 +1J 

8}+2| 
81+2} 

» +24 

9J+2I 

10 +21 

26 
28 
80 
86 
40 
45 
50 
55 
60 

21+ i 

8 + „ 
8i+„ 
8i+„ 
81+ H 
4 + H 
4J+i 
44+ » 
4|+„ 

15 
16 
18 
20 
22 
25 
28 
82 
84 

« + * 

»» »i 
2J+ 4 
2*+ 1 
8 + „ 
8i+„ 
8J+„ 

10 

11 . 

12 

18 

15 

16 

18 

20 

60 

64 

72 

80 

88 

100 

112 

128 

186 

27 
28 
82 
86 
40 
45 
50 
56 
60 


S90. Safe worldBff strain of wire rope« — From Table 
XXXVIII. the safe working strain of round wire rope is a little 
more than f th of its tearing strain ; and from Table XXXIX. the 
working strain of flat wire rope is ^th of its tearing strain, and 
Messrs. Newall and Co. state that " round rope in pit-shafts must 
be worked to the same load as flat ropes.** 
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CHAPTER XV. 

SHEABING-STIUJK. 

891. 0hearfai9 In detail — SlntvltaMeoBS sbearliiff. — The 

nature of shearing-stnun* in the vertical web of girders has been 
abeady investigated in (14), and we have frequent examples of 
the same kind of strain, though on a smaller scale, in rivets 
or similar connexions which sustun forces tending to cut them 
across at right angles to their length. For example, the rivet 
joining the blades of a piur of scissors is subject to a shearing- 
strain equal to the pressure applied to the handles plus the 
resistance of the fabric which is being cut. The latter also b 
subject to a shearing-strain, differing however in character from 
that which the rivet sustains in consequence of the oblique action 
of the blades which sever only a short length of the fabric at a 
time. Machines for shearing metals act on this principle, their 
cutting edges being generally set at an acute angle to each other, so 
that they shear plates in detail, and thus diminish the effort exerted 
at each instant of time ; in punching machines, however, the whole 
circumference of the hole is cut at the first effort, and subsequent 
pressure is merely necessary to overcome friction and push out the 
burr. The shearing-strains which occur in engineering structures 
generally resemble that which rivets sustain, where the whole 
transverse area simultaneously resists shearing. In this case it is 
clear that the strength of the rivets is proportional to their sectional 
area; in other words, if F and /represent tiie total and the imit 
shearing-strains, eq. (1) will apply to shearing as well as to tenole 
and compressive forces, provided always that the cutting edges 
act simultaneously on the whole transverse section of the rivet or 
material under strain. 

SM« fixpcrimeBto on poBchlny wroairht litni* — Table I. 
exhibits tiie results of experiments made at Bristol by Mr. Jones, 
'^ on the force required for punching different sized holes in different 
thicknesses of plates, up to 1 inch diameter and 1 inch thickness ; 
the force was applied by means of dead weights with a pair of 

* Called Detrusion by some authors. 
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levers giving a total leverage of 60 to 1, so that 1 cwt. in the scale 
gave a pressure of 3 tons on the punch ; the weights were added 
gradually by a few lbs. at a time until the hole was punched." * 
TABLE I^ — EzpBBiiaBNTB oh Puvoanro Plati Ibon. 


Diameter 
of Hole. 

ThidcneM 
of Plate. 

Sectional area 
cat through. 

Total Preaanre 
on Punch. 

Preaanre 

per aquara inch 

of area cut 

Inch. 

Inch. 

Square inch. 

Tuni. 

Tons. 

0-250 

0-487 

0-844 

8-884 

•84-4 

0-500 

0-625 

0*982 

' 26-678 

27-2 

0-750 

0-625 

1-472 

84-768 

28-6 

0-875 

0-875 

2-405 

55-500 

28-1 

1-000 

1000 

8142 

77-170 

24-6 


Table II. contuns experiments by Mr. C. Little, on punching 
holes in hammered scrap iron with Eastwood's hydraulic shearing 
press, the force applied being measured by weights hung on the 
end of the force pump handle. This method of measurement is 
not so accurate as that by direct leverage, since the friction of the 
press is rather an uncertain element in the calculation.! 

TABLE II. — ExmnfKNTs oh PuHCHnra Hammsbid Scrap Ibon. 


No. of 

Expert- 

menl 

Dla- 
meter 

of 
Punch. 

Sectional area cot. 


Remariw. 

Thidmeaa 

and 

Circumference. 

Area. 

TotaL 

Tooa 

per inch 

of area 

cut. 

1 
2 
8 
4 
5 
6 

Ins. 

1 
1 
2 
2 
2 
2 

Ins. Ins. 
0-51X814 
0-98X8-14 
0-52X6-28 
0-67X6-28 
1-06X6-28 
1-62X6-28 

Sq.ins. 
1-60 
808 
8-27 
8-58 
6-66 
9-65 

Tons. 
85-8 
69-8 
59-7 
70-5 
182*8 
186-7 

Tons. 
22-4 
22-6 
18-8 
19-7 
19-9 
19-5 

> 22-5 mean. 

19-4 mean. 

1 


• Proc. JiimL Mech, Eng,f 1858, p. 76. 
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I.— Table III. 

contains experiments, also by Mr. Little, with Eastwood's hydraulic 
shearing press, on the force required to shear bars of hammered 
scrap and rolled iron presented edgeways and flatways to the cutter. 
TABLE m. — ^ExFEBDCSHTB OH Shxabino Hamijibid Sosap Bars and Bollbd Ibov. 


No. of 
Experi- 
ment 


Dlree> 

tlon 

of 

Shear- 
ing: 


Sectlonel 


cot 


Thlckneii 

and 
Breadth. 


Pxemueoo Cnttem 


Total 


Tooa 

per inch 

of area 

cat 


7 
8 
9 
10 
11 
12 
IS 


Flat 
Edge 
Flat 
Edge 
Flat 
Edge 
Edge 


Ins. Ihb. 
0-60 X 8-00 

0-50X800 

1*00X8*00 

1-00X8-00 

1.00X8-02 

1-00X8-02 

1-80X5-00 


Sq.ina. 
1-60 

1-60 

8-00 

800 

8-02 

8-02 

10-20 


Tons. 
88-4 

84-6 

69-2 

68-1 

59-7 

62-1 

210-6 


Tons. 
22-8 

28-1 

281 

22-7 

19-8 


22-7 


S 


6 
20-6 


21-6 mean. 


Flanged tyre. 


14 
16 
16 
17 
18 
19 
20 
21 
22 
28 
24 
25 
26 
27 


Flat 

Edge 

Flat 

Edge 

Flat 

Edge 

Flat 

Edge 

Flat 

Edge 

Flat 

Edge 

Flat 

Edge 


0-56X8-00 
0-56X8-00 

0-90X8-87 
0-87 X 8-82 
1*06X8-02 
1-06x8-02 
1*52X8-08 
1-58X8-08 
1-89X4-50 
1-88X4-50 
1-78X5-80 
1-78X5-80 
1-56X600 
1-56X6-00 


1-68 
1-68 
808 
2-89 
8-20 
8-20 
4-61 
4*64 
6-25 
6-21 
9-17 
917 
9-86 
9-86 


21-2 

88-2 

27*4 

57-4 

50-2 

67-5 

887 

98-8 

89-7 

111-2 

158-1 

207-0 

1400 

172-3 


12-6 
19-7 
9-0 
19-8 
15-7 
21-1 
18-2 
20-1 
14-8 
17-9 
16-7 
226 
150 
18-4 


00 


I 
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TABLE III.— BiPKEnaiTTS on 

Sbbabivo Bab Imov. --Oonimued. 




Pi'caiure on Cnttan. 


Naof 

Experi- 

nunt 

Dine- 

tton 

of 

Sheuv 

ing. 





Remirki. 

nuddieM 

and 
Breadtli. 

Ana. 

Total. 

Tons 
perlneb 
of ana 




• 




28 

Sqnwe 

810X810 

9-61 

1861 

17-2 

Hammered iron. 

519 

Sqwoe 

8'10X810 

9*61 

155-6 

16-2 

BoUadiran. 

80 

Fist 

1-80X600 

10-20 

99-8 

97 

Flanged tyre. 

81 

Edge 

1-80X6-00 

10-20 

185-5 

18-2 

Flanged tyre. 

82 

Edge 

1-70 X 6-25 

10-57 

179-5 

170 

Flanged Ijre. 


*' In the above experiments of shearing (Nos. 7 to 18 inclusive), 
cutters with parallel edges were used ; but when the ordinary cutter 
with edges inclined to one another at an angle of 1 in 8 were em- 
ployed (Nos. 14 to 32 inclusive), the force required in shearing was 
diminished, and considerably so in the case of the thinner sections 
when sheared flatways; and as bars are usually sheared flatways, a 
decided advantage is shown in favour of inclined over parallel cutters. 
The force in tons per square inch of section cut with the bars : 




Tlatwayt 









toniL 


Uma. 





8 Xli inch 

was 

18-2 

and 

201 

or 

10 

per 

oent leas ilatwayi. 

*iXl| 

9* 

14-8 

}i 

17-9 

n 

20 


n 

8 XI 

n 

15-7 

»t 

21-1 

M 

26 


9t 

5jXli 

M 

16-7 

99 

22-6 

n 

26 


n 

6 Xli 

$9 

150 

n 

18-4 

ft 

18 


»> 


*' A trial was also made of the force required to shear some hard 
railway tyres ]| inch thick, and the result was 185 tons total edge- 
way8, and 99 tons flatways (No. 30 and 31). A 3 inch square bar 
of rolled iron was also tried, and the force required was 155 tons 
total, against a total of 165 tons required for a hammered bar of 
the same section (Nos. 28 and 29).*' * 

During the construction of the Britannia and Conway tubular 
bridges several experiments were made by means of a lever on the 

* Proe. Inat, Mech. Bug. 1858, p. 74. 
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shearing strength of bars of rivet iron |th inch diameter. " The 
mean result from these experiments ^yes 23*3 tons per square inch 
as the weight requisite to shear a single rod of rivet iron of good 
quality. The ultimate tensile strength of these same bars was 
also found to be 24 tons; hence their resistance to single shearing 
was nearly the. same as thdbr ultimate resistance to a tensile strain.** 
Two plates f ih inch thick were also " riveted together by a single 
rivet |th inch diameter, and the rivet was sheared by suspending 
actual weights from the plate; the rivet thus sustained 12,267 tons, 
or 20*4 tons per square inch. Three plates were then united by a 
similar rivet, and the rivet was sheared in two places by the centre 
plate. The ultimate weight suspended from the rivet was 26-8 
tons, or 22*3 tons per square inch of section.'* * 

S94. Hheariny streafflh off wro«sht-iroii eqvals Urn UmaUe 
strenfflh. — ^From these various experiments on punching and 
shearing, we may infer that the shearing strength of wrought-iron is 
practically equal to its tensile strength. 

805. Shearfaiff 0tre»fflh off liTet steel %m ihree4bmrib» 
off Urn teaslle strenvth* — From Mr. Eirkaldy*s experiments it 
appears that the shearing strength of rivet steel is 63,796 lbs. per 
square inch, the tensile strength of the bar employed being 86,450 
lbs. per square inch of area.t Hence the shearing strength of 
rivet steel is about three-fourths of its tensile strength. 

SOO. ShearlBir Btrenffth off eoppor. — From experiments by 
Mr. Joseph Colthurst on punching plates of wrought-iron and 
copper with a lever apparatus, it appears that the force required 
to punch copper is two-thirds of that reqmred to punch iron. " It 
was observed, that duration of pressure lessened considerably the 
ultimate force necessary to punch through metal, and that the use 
of oil on the punch reduced the pressure about 8 per cent." t 

MM. Sheartey ntrtmgth offflr In tbe dlrectfon off the jpraiMk. — 
Frcmi Mr. Barlow^s experiments on the resistance of Fir to drawing 
out, f .«., punching, in the direction of the grain, it appears that this 

* ClaA on the Britannia and Conwouy Tubular Bridget, p. 892. 

t Eaeperimental Inquiry, p. 71. 

X Proe, of InH. of C. B., Vol. i., p. 60. 
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amounts to 592 lbs. per square inch, or nearly one-twentieth of the 
tensile strength of the timber lengthways * (SM). 

S98. ShearlBv straifflh of oak treonalUk — The following 
table contains experiments by Mr. Parsons of H.M. dockyard service, 
on the *' transverse strength of Treeniuls of English oak^ used as 
fastening for planks of 3 and of 6 inches in thickness, and subjected 
to a cross strain." 



Tabui IY.— Stbiitoth ov 



Nnmtwr 

oftlke 

Ex- 

pertment. 


DIAMETER 

OF THE TREENAILS. 


1 Inch. ^ 

U Inch. 

1| InclL 

1| Tncih. 

THICKNESS OF THE PLAKK. 










SlndiM. 

eincliea. 

Slnchflt. 

einchei. 

Slncbn. 

• InchM. 

SlnchM. 

e Inches. 


T. 0. 

T. 0. 

T. 0. 

T. C. 

T. 0. 

T. 0. 

T. 0. 

T. 0. 

1 

1 8 

1 7 

1 14 

2 8 

2 

8 12 

8 

5 10 

2 

1 7 

1 U 

2 2 

2 2 

2 6 

2 10 

2 10 

8 18 

8 

1 2 

I 8 

1 17 

2 19 

2 15 

2 10 

4 

4 

4 

1 6i 

1 8 

2 2 

2 2 

2 4 

8 12 

2 8 

8 8 

5 

2 12 

1 8 

2 2 

1 15 

2 18 

2 5 

8 10 

4 

6 

2 2 

1 7 

2 9 

2 10 

2 6 

2 5 

8 10 

5 8 

7 

2 4 

1 10 

2 8 

2 10 

8 7 

2 5 

8 5 

8 12 

8 

1 

2 8 

2 7 

2 

2 5 

8 

8 5 

8 18 

9 

1 8 

1 8 

2 12 

2 10 

8 

4 

4 6 

4 18 

10 

1 2 

2 8 

2 10 

2 15 

8 

4 10 

8 8 

4 

11 

2 

2 

2 7 

2 

8 9 

2 18 

4 

8 8 

12 

1 8 

1 7 

2 10 

2 

4 2 

8 

4 10 

• 

5 

18 
Arenge 

1 16 

2 8 

2 17 

2 

8 2 

8 18 

4 2 

5 5 

1 11 

1 18 

2 6 

2 6 

2 16 

8 2 

8 10 

4 6 


'' In all these experiments on treenails, when the treenuls were 

* Barlow on the SWm0k of MateriaU, p. 23. 
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evidently good, they gave way gradually. In some of the rejected 
experiments, however, the treenails certainly did break off suddenly, 
but then they were evidenUy, on enmination, either of bud or over- 
seasoned material. In the experiments on treenails, the plank 
generally moved about half an inch previous to tiie firacture of the 


II « 


* Mumy on S^ipbwlfUng tn Iron and Wood^ p. 94. 
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CHAPTER XVI. 

ELASTICITY AND SET. 

K lilmlt Off filMtkdtjr—Set— Hooke'B law of elMttdiy 
praetlealljr true. — It has been already stated in (ft) that Mr. 
Hodgkinson's experiments led him to infer the non-existence of 
a definite elastic limity or a limit within whichi if the particles 
of a substance be displaced, they will return exactly to their 
original relative positions after the disturbing force is removed. 
The opposite view was held by Professor Bobison, whose opinions 
are also entitled to great respect. In the article on the '^ Strength 
of Materiab" in the Encyclopcedia Britannieaj he writes as 
follows : — '' It is a matter of fact that all bodies are in a certain 
degree perfectly elastic; that is, when their form or bulk is 
changed by certain moderate compressions or distractions, it 
requires the continuance of the changing force to continue the 
body in this new state; and when the force is removed, the 
body recovers its original form. We limit the assertion to 
certain moderate changes. For instance, take a lead wire of one- 
fifteenth of an inch in diameter and ten feet long; fix one end 
firmly to the ceiling, and let the wire hang perpendicular; affix 
to the lower end an index like the hand of a watch; on some 
stand immediately below, let there be a circle divided into 
degrees, with its centre corresponding to the lower point of the 
wire; now turn this index twice round, and thus twist the wire. 
When the index is let go, it will turn backwards again, by the 
wire untwisting itself, and make almost four revolutions before 
it stops; after which it twists and untwists many times, the 
index going backwards and forwards round the circle, diminishing, 
however, its arch of twist each time, till at last it settles precisely 
in its original position. This may be repeated for ever. Now, 
in this motion, every part of the wire partakes equally of the 
twist. The particles are stretched, require force to keep them 
in their state of extension, and recover completely their relative 
positions. These are all the characters of what the mechanician 
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calls 'perfect elasticity. This is a quality quite familiar in many 
cases, as in glass, tempered steel, &c., but was thought incom- 
petent to lead, which is generally considered as having little or 
no elasticity. But we make the assertion in the most general 
terms, with the limitation to moderate derangement of form. 
We have made the same experiment on a thread of pipe-clay, 
made by forcing soft clay through the small hole of a syringe 
by means of a screw, and we found it more elastic than the lead 
wire ; for a thread of one-twentieth of an inch diameter and seven 
feet long allowed the index to make two turns, and yet completely 
recovered its first position. But if we turn the index of the lead 
wire four times roimd and let it go again, it untwists again in the 
same manner, but it makes little more than four turns back again ; 
and after many oscillations, it finally stops ih a position almost 
two revolutions removed from its original position. It has now 
acquired a new arrangement of parts, and this new arrangement 
is permanent like the former; and what is of particular momenta 
it is perfectly elastic. This change is familiarly known by the 
denomination of a set." * 

Whatever opinion the reader may hold regarding the existence 
or non-existence of a definite elastic limits experiments prove that 
Hookers Law of EUatlcity^ namely, that the elastic reaction of the 
fibres is proportional to their increment or decrement of length 
according as they are subject to tension or compression, is for all 
practical purposes true of many of the materials used in con- 
struction, in some cases over a very considerable range of stnun, 
amounting even to half the breaking weight of the material (9). 

CAST-IRON. 

400. DeerdMCBt of l^in^li and sei of east-Iron In oom- 
prettiioii — CoeA^Mit of eompremitTe elasticity. — We are in- 
debted to Mr. Hodgkinson for some valuable experiments on the 
decrement of length and compressive set of eight bars of cast-iron, 
each 10 feet long and 1 inch square nearly. The first pair of 
bars were Low Moor iron No. 2 ; the second pair, Bl»navon iron 

• Ene. Brit., 8th Ed , Vol. xx., p. 749» Art. "Strength of Material!." 
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No. 2 ; the thiid pair, Gartsherrie iron No. 3 ; and the fourth pair, 
a mixture of Leeswood iron No. 3, and Glengamock iron No. 3, 
in equal proportions. Table I. contains the mean of these experi- 
ments reduced to a convenient unit-strain by Mr. Clark,* and 
I have added in the last column the coefficients of compressive 
elasticity per square inch, obtained by dividing the original length, 
viz., 10 feet, by the decrement of length per ton in the second 
column (8). 

TABLE L^DBOUianrT of Lbvoth avd Coxpbissivb Sit of a Cabt-uoh Bab 

10 Fbxt Loho and 1 Inoh Squasb. 


Tona, 

pertqnard 

Incb. 

Deerement of Length 
per ton. 

Total Decrement 
of Length. 

Set. 

Theooeffident 
of Comproeaiye 

Sleeticity 
per eqaare Inch. 


Inch. 

Inch. 

Inch. 

Tona. 

1 

•020388 

•020888 

•000510 

5900 

2 

•021038 

■042077 

•002452 

5704 

8 

•021618 

•064855 

•004840 

5551 

4 

•021869 

•085479 

•006998 

5615 

5 

•021694 

•107872 

•009188 

5557 

6 

•021752 

•180518 

•011798 

5517 

7 

-021950 

•158654 

•015248 

5467 

8 

•022154 

•177285 

•018572 

5416 

9 

•022874 

•201878 

•024254 

5868 

* 

10 

•022477 

•224774 

•028126 

5889 

11 

-022567 

•248287 

•082028 

5817 

12 

•022802 

•278682 

•087658 

5262 

IS 

•028014 

•299187 

•048818 

5214 

14 

•028528 

•829880 

•052640 

5101 

15 

•028589 

-858092 

•060905 

5098 

10 

-024409 

•890558 

•080256 

4916 

17 

•024805 

•421695 

•086298 

4888 


* Rep, of Com. App.^ p. 68 ; and Claric on the Tubular Bridgu, p. 312. 
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Mr. Hodgkinson niakea the following remarks on these experi- 
ments: — " The great difficult; of obtuning accurately the decre- 
ments and seta from the small weights in the commencement of the 
experiments, rendered those decrements and sets, particularty the 
latter, very anomaloua; it was found, too, that some of the ban 
whioh had been strained by 16 or 18 tons had become very per- 
ceptibly undulated. In has not been thought prudent, therefore, 
to draw any conclusion from bars which have been loaded with 
more than 14 to 16 tons; and it may be mentioned that the results 
from 3 to 14 tons are those only which ought to be used in seeking 
for general conclusions."* 

The results of Table I. are exhibited graphicaUy in Fig. 91, 
where the longer curve refers to the total decrements of length, 
and the shorter one to the sets. The ordinates represent the 
weights in column 1, and the abscissas tlie total decrements of 
length and sets in columns 3 and 4 respectively. 


• Bxp. of Cam. App p. 64. 
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401« HodyklnsoB's Ibmiiilje Ibr the deeraneni of length 
and Bet of eatMrom In eompresslon. — The following formula 
was deduced by Mr. Hodgkinson from his experiments on the four 
different irons just described to express the relation between 
the load and the corresponding decrements of length in cast-iron 
bars 1 inch square and of any length.* 

\'=l{ 012363359 - v^-000152853 - •00000000191212 W} (220) 
Where X'=the decrement of length in inches, 
I = the length in inches, 
W=the weight in lbs. compressing the bar. 
The compressive set of Low Moor cast-iron Mr. Hodgkinson 
expressed by the following equation! : — 

Compressive set in inches = •543X'« + 0013 (221) 

4M. InereaieBt of lenirA and net of eaot-lron In t»Bloii — 
Ckielllcleiii of tensile elastl^ty. — The following table shows the 
increment of length and tensile set of cast-iron bars 10 feet long 
and 1 inch square, reduced by Mr. Clark from Mr. Hodgkinson's 
experiments '* upon round bars of iron, united together at the ends, 
so that the whole length, exclusive of the couplings, was 50 feet, 
except in two instances, where the length was 48 feet 3 inches. 
There were nine experiments upon these connected lengths, and 
the experiments were upon four kinds of cast-iron — ^the Low Moor 
No. 2, the Bkenavon No. 2, Grartsherrie No. 3, and a mixture of 
iron, composed of Leeswood No. 3, and Glengamock No. 3, in 
equal proportions. There were two experiments upon each of the 
simple irons, and three upon the mixture, and the mean results 
were afterwards reduced to those of 10 feet and 1 square inch 
exactly.'' '* The bars were suspended vertically, and acted upon 
directly by weights attached at their lower ends." t 

* Eep. of Com. App^ p. 109. 
t Rep, of Com. App., p. 128. 
t Bep. of Com. App.f pp. 59, 51 ; and Clark on the Tubular BridgeSf p. 879. 
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TABLE II.— iHOBiiuHt or Lihoth ahd I^siti am oi 
10 Fm Lo>o um i Ikob Squari. 
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k CiBT-IBOH Bis 


'^^ 

LtDgUiparToa 

'^"MLn.Blt."' 

Set 

po avun Iscb. 


Indl. 

Inch. 

Inoh. 

ToDi. DM. 


■01976 

■01978 

■000679 

8078 = 18,808,620 


•02027 

■OilBB 

■00188 

C020 = 13,280,800 


■02171 

-OSGIG 

■0089G1 

5628 = I2,3B%720 


■02818 

■09271 

■O07C*8 

5177 = 11,BB8,480 


.02*78 

■18997 

■012810 

4841 = 10,848,840 


■03727 

■10388 

■020571 

4400= 9,868,000 

8* 

■02Sie 

-18297 

■028720 

4203= 0,640,120 


The mean increment of length per ton for the first 3 tone per 
square inch equals ■0001715 of the length, and the reader ■will 
percdve that the coeffiaents of tenule elasdcaty difier considerably 
from those of compreaaive elasticity in Table I. 

The results of Table II. are exhibited graphically in Fig. 92 
by curves which ^ve Uie laws that connect the total increments 
of length and the sets respectively with the load. The ordinatea 
represent the weights in column 1, and the absdssas the total 
increments of length and sets in columns 3 and 4. 

Fig. 92. 


By the aid of Tables I. and II. we can eanly find the decrement, 
increment, or set of cast-iron bars of any section. 
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Ex. "Hie oomprenion flange of a new cast-iron girder, 40 feet long, which has not 
been preTiouslj strained, will be shortened by ao inch-strain of 6 tons by an amount 
equal to 40X0'0180518 = 0*522052 inch, and its set, or residoal decrement of length 
after the load has been removed, will equal 40X0-0011798 = 0*047192 inch. If the 
whole of this set were permaoenty which however is problematica], the flange would be 
permanently shortened by this amomit, and on any sabseqnent application of the same 
load its new decrement of length would s 0*522052 — 0*047192 = 0*474860 inch. 

408. Medgkingon'g Ibramlje Ibr the Increment off leni^ 
and 0et off ea«t*lron in tension. — The following formulae were 
deduced by Mr. Hodgkinson from his experiments on the extension 
of the four different irons just described, to express the relation 
between the increments of length and sets respectively and the 
weights producing them, in cast-iron bars 1 inch square, and of 
any length.* 

X = ; { 00239628 - V000005742 15 - •000000000343946 W } (222) 
Where A.=the increment of length in inches, 
l=ihe length in inches, 
W=the weight in lbs. extending the bar. 

Tensile set in inches = •0193X + *64X> (223) 

404* C^oefllelents off tensile and eonipremATe elasticity off 
east-irm diHtoent* — The mean ultimate tenacity of the four 
irons from which the preceding formulao were derived was 7*014 
tons per square inch of section, and their mean ultimate extension 
under this strain equalled ^^th of the length, which is equivalent 
to f^^f^th, = '00024, of the length for one ton per square inch. 
The mean compression of the same metal by 7*014 tons per inch 
(the tensile breaking weight) was yf jth of the length, which is 
equivalent to j^t^ih^ = "OOOIS, of the length for one ton per 
square inch. Hence the coefficient of tensile elasticity at the 
tearing limit of 7*014 tons per square inch = 4208 tons = 
9,425,920 lbs. ; and the coefficient of compressive elasticity with 
the same strain of 7014 tons per square inch = 5436 tons =: 
12,1 76,640 lbs., or rather more than 1^ times the tensile coefficient. 
The coefficient of elasticity derived from experiments on the 
ultimate deflection of a rectangular bar of Blsenavon iron, broken 

• Jiep. of Com. App., pp. 60, 108. 
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by transverse strain is somewhat less than this ; see ex. (MB). Tred- 

gold's coefficient given in the table in (§) is, doubtless, far too high. 

405. Increnent off length and met off easMron extended a 

seeoad tiate — RelaxaMoa off set — Tlseld elastfdty. — Mr. 

Hodgkinson made a second series of experiments on the extension 
of some parts of the coupled bars wluch were strained nearly to 
their breaking point, but had escaped actual rupture at the first 
trial.* Their increments of length on the second trial, though 
very nearly the same as before, were slightly less for the higher 
loads. It might perhaps be supposed that bars once stretched would 
not again take a set, provided the second load did not exceed that 
previously applied. This, however, was not the case; all the bars 
took sets again, though in general less than before, the^ mean 
ultimate set being nearly half that on the first trial. It is very 
probable that cast-iron, and also other materials, recover a portion 
of the set when the strain producing it is relaxed for some time — ^in 
fact, that there exists a sort of slug^h elastidty, due perhaps to a 
certain viscidity of the material. Possibly constant repetitions or 
long continuation of strain would render the set permanent. Ex- 
periments alone can settie these points, which, however, have more 

interest for the physicist than practical importance for the engineer. 
400. Set 4^ easMroa flroat tramirrerse strata aearly pr<H 
portioaal to sqaare off defleetiOB. — ^The set of cast-iron bars 
subject to transverse strain is nearly proportional to the square of 
thdr deflection, though somewhat less, and may be expressed 
approximately by the following formula deduced by Mr. 
Hodgkinson from his experiments on rectangular bars of Blaenavon 
cast-iron bent transversely by a load in the middlcf 

Transverse set in inches = ,r--- (224) 

31"5 

in which D represents the deflection of the bar in inches. 

WBOUGHT-IRON. 

409. Deereaieat off leai^li off wroairliit*fti^n la eoaipre«- 
iMoa. — The following table contains the results of experiments by 

* >?cp. of Com. App.f p. 61. t Ibid., p. 69. 
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Mr. Hodgkinson on the compression of two wrought-iron bars 10 
feet long and 1 Inch square nearly.* 

TABLE III. — DiCRnnciTT op Lkvoth op WBouoHT-iitON Babs 10 Fkbt Lomo 

AHD 1 IircH Square xbabxt. 


B«rL 

Arm of Section » 1-023XlK)» » 

1*0506 square Inches. 

Bar 2. 

Are* of Section « 1 016xl^03 » 

1*0868 sqnare inches. 

Wei^tit 
compressing Bar. 

Decrement 
of Length 

Weight 
compreeniag Bar. 

Decrement 
of Length. 

Lbs. 

Inches. 

Lbs. 

Inches. 

5098 

•028 

5098 

•027 

9578 

•052 

9578 

•047 

14058 

•073 

14058 

•067 

16298 

•085 

— 

— 

18588 

•096 

18538 

•089 

20778 

•107 

20778 

•100 

28018 

•119 

28018 

•118 

25258 

•180 

25258 

•128 

27498 

•142 

27498 

•148 

29738 • 

•154 

29788 

•163 

81978 

•174 

31978 

•190 

34218 

•214 

in i hour. 

•261 

— 

— 

81,978 

•269 


— 

in ^ hour. 

•282 

— 

— 

repeated. 

•828 


From the foregoing table it appears that the decrement of 
length of wrought-iron in compression increases with remarkable 
uniformitj in proportion to the weight, and equals very nearly 
'0001 of the length for each ton per square inch until the pressure 
reaches 11 or 12 tons per inch, after which irregular bul^ng begins, 
the amount of which, no doubt, varies considerably according to 

* Rtp. of Com., A pp. p. 122. 
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the quality of the iron, the hard and brittle irons bulging less than 
the tough and ductile kinds (819)- 

408. Increment off lenirtli and set off wronirht-lron in 
tension. — ^Table lY. contains the results of experiments, also by 
Mr. Hodgkinson, on the extension and set of two bars of annealed 
wrought-iron of the quality denominated best Their dimensions 
were as follows : — 


Barl. 


Bar 2. 


Length, . .49 feet 2 inches, . 50 feet. 

Mean diameter, '517 inch, . 7517 inch. 

Mean area of section, *2099 square inch, 44379 square inch. 

In the following table the results are reduced to the standard of 
bars 10 feet long and 1 inch square* 


TABLE IV. — ^Inobbmsnt of Lbhoth and Tensile Set of Two Annealed 
Wbouohtikon Babs, }0 Feet Long and 1 Inch Square. 


Barl. 

Bars. 

Wcdght per 

square inch of 

Section. 

Increment of 
Length. 

Set. 

Weight per 

square Inch of 

Section. 

* Increment of 
Length. 

Set 

LbB. 

Inches. 

Inches. 

Lbs. 

Inches. 

Inches. 

— 


« 

1262 

1 

•00520 

— 

2668 

•00986 

— 

2524 

•01150 

— 

5885 

•02227 

— 

8786 

•01690 

•00050 

8003 

•03407 

•000805 ! 

1 

5047 

•02240 

•00060 

10670 

-04556 

•000407 

6809 

•02772 

•00050 

13338 

•05705 

•000509 

7571 

-08298 

•00045 

16005 

•06854 

•000610 

. 8888 

•08790 

•00050 1 

18678 

•07998 

•000818 

10095 

•04800 

•00050 ? 


* jRip. of Com,, App, pp. 47, ^9. 
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TABLE IV. — iNGRimNT of Lsvgtb aho Tbnbilb Sbt of Two Amnxauu) 


Wbodohi 

'-iBOir Bars, 10 Fibt Long 

Aim 1 Imch SqvAKE.— Continued. 

Barl. 

1 
Bars. 

Weight per 

Muue Inch of 

SecUon 

Length. 

Set. 

Weight per 

square Ineh of 

Section. 

Increment of 
Length. 

Set 

Lbs. 

Inches. 

1 
Inches. 

1 

Lbs. 

Inches. 

Inches. 

21340 

•09193 

•001525 

11357 

•04854 

— 

24008 

•10485 

•003966 

12619 

•05370 

•00070 

26676 

•12168 

•009966 

13880 

-05950 

— 

29843 

•15458 

•081424 , 

15142 

•06480 

— 

82011 

•26744 

1 

16404 

1 

•06980 

— 

— 

•28271 
in ff minutes. 

•18566 

17666 

•07580 

•00130 

34678 

•5148 

-36864 

18928 

•08170 

— 

87346 

10995 

1-01695 

20190 

•08740 

-00270 

Repeated 

11949 

1^02966 

21452 

•09810 

— 

40013 

1^220 
InSminntea. 

1093 

22713 

•09920 

•00410 

Repeated and 

1-411 

— 

23975 

•10570 

— 

left on. 

after 1 hour. 

. 





1424 

__« 

25237 

•11250 

•00680 


after 3 hours. 






1-483 

_ 

26499 

-12040 

~. 


after 8 hours. 






1484 

...^ 

27761 

•12880 

•0120 


after 4 hours. 






1-486 


29028 

. -14500 

^_ 


afterfthoura 






1^437 

1 

30285 

-1991 



after 6 hours. 

1 

1 





1448 


ft 

•2007 * 

— . 


after 7 hours. 

i 
1 


after 5 minutes. 



1443 

1 

If 

•2018 

•0736 


after 8 hours. 


#' 

after 10 minutea 



1-443 


ft 

•2054 

•0774 


after 9 hoursi 

1 

. 

after lA minntea 


n 

1-448 

1 

Repeated. 

-2080 

•0796 


after 10 hours. 



nearly, after 20 
minutea 


42681 

2^148 
in 6 minutes. 

1-988 1 

)* 

•2096 
after 1 hour. 

•0814 

Repeated. 

2889 

in 6 minutes. 

1 

1 

1 

•2366 

after bearing the 

weight 17 hours 

•1082 

tt 

2-383 

2-212 

— 



1 

- in 10 minutes. 

, after 1 hour 
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TABLB IV.—IiroBEiaiirT op Linoth akd Tbvbiui Sit of Two ANmsALiD 
Wbouoht-iboit Babb, lO FsxT Loiro and 1 Inoh Squabi. — OcmHrwed. 


Barl. 

Bars 

Welfl^tper 

Mpiftre inch of 

SectUm. 

IncrsnwBt of 
Length. 

Set. 

Weight per 

square inch of 

Seetton. 

Increment of 
Length. 

Set 

Lbs. 

Inches. 

Inches. 

Lbs. 

Inches. 

Inches. 

Repeated. 

2*428 
after 46 hoom 

2*237 

81546 

242 
after ft minutes. 

-1088 

45848 

2*580 
after 5 mtaautee. 

2*877 

Repeated. 

•2449 
after 6 minutes. 

•1111 

Repeated. 

2-605 
after llionr. 

— 

82808 

•5506 

•4141 

») 

2*606 
after Shonnb 

— 

Repeated. 

•7024 
after 5 minutea. 

5635 

»» 

2*606 
after 19 bonra 

2*408 

»• 

•7966 
after 10 minutes. 

•6558 

48016 

2*975 
•fterfimtanitee. 

2-788 
after 10 mlnntea 

ft 

1-014 
afterabout^hour. 

866 

Repeated. 

8019 
after 1 hour. 

— 

84070 

1*846 

after 1 minute. 

— 

» 

8-029 
after 11 houv. 

— 

»* 

1*400 
after S minntesL 

— 

50684 

4*195 
in 10 minatea. 

8*941 
in 10 minatea 

»» 

1*600 

1*44 

Repeated. 

4*226 

^— 

Repeated. 

1*65 
after 1 minute. 

— 

i» 

4-227 

in 7 hours. 

^ 

84070 

1*786 
after! hour orlesBL 

1*628 

>f 

4*227 
in IShonra. 

— 


— 

— 

53851 = 
23*817 tona 
wofold hKf broki 

Broke at one ol 
where there waa 
perhapa a rathei 

the •hreldinga" 

a alight defect ; 

' mailer weight 

35382 
Repeated. 

2*04 
after 6 minutesL 

2-18 
after 6 minutea 

1*874 
201 




i» 

2^254 

2*08 




36594 

2*54 
after 6 minutes. 

— 




87856 = 

16*9 tons. 

of the rod hari 
was dlsooDtlnued 

2-894 
The loop at the 
ng broken, the e 

L 

lower end 
speriment 


The following table is given by Mr. Clark at p. 373 of his work 
on the Britannia and Conway tubular bridges. Though not 
expressly stated so, it is probably reduced from Mr. Hodgkinson's 
experiment on Bar 1 in the foregoing table. 
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TABLE V.-^Ihobkmbht of Lbvotb and Tivbiui Sit of ▲ New Wbouobt-xxon 

Bab, 10 FiBT Lomo and 1 Ihob Sqdabb. 


Tom 

psr 

•quara 

Incb. 


ObMnred extenaiao 

In terms of the 

length. 


Computed 


nnlform«t 

of the length 

per ton 

per iqiMtfe Inch. 


CorraepoDdtng 
ezteniilon In 

frnctlonal parte 
of the length 
oompotedat 

per ton per 
square inch. 


Ohservedset 
In terms of 
the length. 


Obeenredset 
In fractional 

parte of 
the length. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 
16 

17 
18 
19 
20 
21 
22 


*'0000689 

•000156 

•000238 

•000319 

•000899 

'00048 

•00056 

•00064 

•00072 

•00080 

•000896 

'00102 

•00128 

•00218 

in ten minuteB 

•00281 

•00416 

•00443 

•00934 

in ten minutes 

•01015 

•01024 

in ten minutes 

•01212 

•01785 

in ten minutes 

•02017 

•02124 

in ten minutes 

•02146 

•02429 

in ten minutes 

•02472 

•03400 

in ten minutes 

•08425 


•00008 
•00016 
•00024 
00032 
00040 
00048 
00056 
00064 
00072 
00080 
00088 
00096 
00104 

00112 

•00120 
•00128 

•00136 
•00144 
•00152 
•00160 
•00168 
•00176 


Tvrt 

TTbV 
T3V¥ 
TITT 

ttV» 
tAxj 


•00000218 
•00000283 
•00000356 
•00000427 
•00000497 
•00000650 
•00001201 
•00001384 
•00008392 
•00008868 
•0002598 

•0011075 

•002976 
-003175 

008750 
•009170 
•018590 
•019790 
•022310 
•031933 


fsoWt 

TTsVw 
ISIT& 

TVwn 
Tvrn 

TTVSJf 
Vol 


:hv 


Vb 
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From the foregoing tables it would appear that the iDcrement of 
length of annealed wrought-iron in tenaioii increases with great 
Tinifonnity in proportion to the weight, and equals 00008, = 
TjJTjjjth, of the length for each ton per equare inch up to 11 or 12 
tons, after which the law suddenly changes, and rapid and irregular 
stretchbg begins, the amount depending, no doubt, on the quality 
of the iron. 

The relation between the weights and corresponding increments 
of length of the first bar in Table IV. are exhibited graphically in 
Fig. 93, in which the ordinates represent the weights per square 
inch of section, and the abscissa the corresponding increments of 
length. 

Fig. 83. 


Mr. Barlow also made several experiments on bars of wrought- 
iron, from which he inferred that its limit of elasticity is about 
10 tone per square inch, and that it extends 000096 of its length 
for each ton within this limit.* 

400. Cfwffldcnto of elastidly of wroaffht-lrOD. — From Mr. 
Hodgkinson's experiments it appears that the coeffident of com- 
pressive elasticity of wroughUron = 23,243,179 lbs = 10,376 tons 

• Slrength of MatrrUUi, p. 315. 
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per square inch. The coefficient of tensile elasticity for annealed 
wrought^iron = 27,691,200 lbs. = 12,362 tons.* The coefficient 
of elasticity usually adopted for both tension and compression is 
24,000,000 fibs, per square inch. 

410. (itfmicMi off Imperftetly elastle mateiiaii ImproTed 
hj stretehlnv — Fractieal method off stUKenlnir wronsliMroii 
harm — lAmM off elastlelty off wronglil-lroii equate 19 tons per 
square tneli — ^Prooff strain should not exceed the limit off 
elastletty. — When an imperfectly elastic material has received a 
permanent set from the application of any weight which is sub- 
sequently removed, the material becomes more perfectly elastic 
than before within the range of strain which first produced the set, 
and its alteration of length per unit of strain is less than at first. 
When, for instance, a girder is tested for the first time, its deflection 
exceeds that produced by a subsequent application of the same load. 
Hence the laudable custom of ^* stretching " a railway girder by 
a heavy load before it is viewed by the Government Inspector. 
In compound structures, such as lattice girders, some of the initial 
deflection may, perhaps, be attributed to the separating or closing 
together of the numerous joints on the first application of a heavy 
load, though probably the greater portion is due to the straightening 
of parts in tension originally constructed a little out of line. The 
ultimate deflection of a bar of soft wrought-iron subject to transverse 
stnun is very considerable, and when the useful load which such 
a bar will carry is determined by the amount of deflection rather 
than by its breaking weight, its useful strength, ».«., its stiffness, 
may be much increased by giving it a considerable camber when 
at a dull red heat, and afterwards straightening it when cold. 
Such a bar, as far as deflection is concerned, is stronger than 

before.f 

For practical purposes the limit of elasticity of wrought-iron does 

not exceed 12 tons per square inch, and though higher strains than 

this may not in the least diminish its ultimate strength, yet they 

will take the ** stretch "" out of it and thus may render iron which was 

originally tough' and ductile so hard and brittle as to be seriously 

• Rep. of Com., A pp., p. 172. f TtUmlar BridgeM, p. 449. 
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injured for many purposes. A tough quality of iron, for instance, 
will evidently sustain sudden shocks with greater impunity than 
brittle iron, and previous over-straining may perhaps thus explain 
the imexpected rupture of chains with sudden loads considerably 
below their breaking weight. These considerations show that the 
proof strain of this material should not exceed its limit of elasticity. 

411. £lA0tle aexibillty ^ east-inm twice that of wrooffbt- 
Iron. — The eUutic flexibility of cast-iron is nearly twice as great as 
that of wrought-iron, that is, the alteration of length from the same 
unit-strsun is nearly twice as great in cast as in wrought-iron ; in 
other words, wrought-iron is nearly twice as stiff as cast-iron. On 
this account a girder of cast-iron will deflect nearly twice as much 
as a similar one of wrought-iron, provided the flanges of both 
girders be subject to the same unit-strains. 

A\%. BxpeiimentA on elasttdty liaMe to error — Slnnrish 
elasticity. — Scientific conclusions derived from experiments on the 
elasticity of materials in which the effect of previous strain is over- 
looked are evidently worthless, and it should be recollected that 
time ought to be allowed after each experiment in order to let the 
material adjust itself to the new condition of strain, especially 
when the load approaches the limits of rupture, in which case the 
extension of ductile materials, such as wrought-iron, may continue 
for a considerable time after the load is laid on, especially if aided by 
vibration. Seferring to the Britannia and Conway Tubular Bridges 
Mr. Clark observes, ^* In all the tubes a considerable time elapsed 
before they attiuned a deflection which remained constant. Time 
is an important element in producing the ultimate permanent set 
in any elastic material ; but when the permanent set due to the 
strain is once attained, the continuance of the same strain induces 
no fturther deflection, which is confirmed by the fact, that no sub- 
sequent change has occurred in the deflection of the Conway 
Bridge from two years of use, nor has any increase in the versed 
sine of the Menai Suspension-bridge taken place in twenty-five 
years, where the strain is greater than in the plates of the Conway 
Bridge, and liable to be considerably varied fro& the oscillation 
which occurs in gales of wind. The permanent stndn in the 
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Britannia Bridge is under three-fifths of that in the Suspension- 
bridge. The effect of time in produdng permanent elongation has 
been also observed at the High Level Bridge {Newcastle-upon-Tyne)^ 
where the wrought-iron tie-chains, which resist the thrust of the 
arches, although under much less strain than the above, continued to 
extend for a considerable period before they attained a set at which 
they remained constant. These motions are so extremely minute 
that they are only ascertainable in large rigid structures, where 
they are measured by the corresponding increase of deflection."* 

The residual set, after the strain has been removed, also takes 
time to adjust itself to a permanent condition, and some crude 
experiments of my own tend to prove that the set of wrought- 
iron relaxes to a considerable extent, even after the lapse of several 
days after the strain has been removed. 

STONE. 

418. Witreonm mateiiaii take no met — ^Hookes' law of 
cbMtlelty apparency doe« not apply to some kinds of stone 
in eompression. — It is stated by Dr. Robinson that **hard bodies 
of an uniform glassy structure, or granulated like stones, are 
elastic through the whole extent of their cohemon, and take no 
set, but break at once when overloaded."t It may be doubted 
whethjer this is true of granulated bodies like stones, for Mr. 
Mallet, referring to his experiments on crushing small cubes of 
quartz and slate rock firom Holyhead, 0*707 inch upon each 
edge, observes, ^* the per-ealtum way in which all the specimens of 
both rocks yield, in whatever direction pressed, is another note- 
worthy circumstance. The compressions do not constantly ad- 
vance with the pressure, but, on the contrary, the rock occasionally 
suffers almost no sensible compression for several successive incre- 
ments of pressure, and then gives way all at once (though without 
having lost cohesion, or having its elasticity permanently impaired) 
and compresses thence more or less for three or four or more 

* The Britannia and Conway Tubular Bridgti, p. 671. 

t E^wyc. Metr., 8th ed., art. *' Strength of MaterialBy" Vol. zx., p. 756. 
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sHCcesriye inorementa of pressure, and then hclds fast again, and 
so on. This phenomenon is probably due to the mass of the rock 
being made np of intermixed particles of several different simple 
minerals, having each specific differences of hardness, cohesion, and 
muttml adhesion, and which are, in the order of their resistances 
to pressm^, in smcession broken down, before the final disruption 
of the whole mass (weakened by these minute internal dislocations) 
takes place. Thus it would appear that the micaceous plates and 
aluminous day-portioleft interq>ersed' through the mass give way 
first. The chlorite in the slate, and probably felspar-crystals in 
the quartz-rock, next, and so on in order, until finally the elastic 
skeleton of sil^L gives way, and the rock is crushed. It is ob- 
servable, ako^ that this successive disintegration does not occur 
at equal pressures, in the same quality and kind of rock, when 
compressed transverse and parallel to the lamination." * 

* PkU. Trant., 1862, p. 669. 
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CHAPTER XVII 


TEMPERATURE. 


414. JkreUcB eamlier^ 0ii«p«Mloii bridges de0eet^ and 
ffiitleri elongate flrom devatioii i^temperatere — Kxpaiurtoii 
rollers. — Changes of temperature affect bridges very differently, 
according to their mode of construction. An increase of tem- 
perature causes the crowns of iron arches which are confined 
between fixed abutments to rise, and the spandrils to extend 
lengthways, chiefly along their upper flanges; hence, room for 
longitudinal expansion should be provided by leaving a vertical 
space between the masonry of the abutments above springing level 
and the ends of the arch spandrils. When iron arches extend over 
two or more spans, their spandrils should not be rigidly connected 
together like continuous ^rders; for then their expansion may 
cause a dangerous crushing strain along the line of junction and 
throughout the top flanges, a portion of which strain will*, no 
doubt, be transmitted to the arches themselves. When, therefore, 
it is considered desirable to connect together the spandrils of con- 
secutive iron arches, it should be effected by sliding covers or some 
similar contrivance, which, while restraining lateral motion, will 
allow perfect freedom for changes of length. The rise in the 
croirad of one of the cast-iron arches of Southwark bridge for a 
change of temperature of 50^ F. was observed by Mr. Sennie to 
be about 1*25 inch ; the length of the chord of the extrados is 246 
feet, and its versed sine 23 feet 1 inch, and accordingly the length 
of the arch, which is segmental, is 3020*8 inches.* 

Stone arches are affected in the same way as iron arches. With 
increased temperature the crown rises and joints in the parapets 
over the crown open, while others over the springing close up. 
The reverse takes place in cold weather ; the crown descends, joints 
over the springing open and those over the crown close. When 

« Trcms, Init. O. B,, Vol. iii., p. 201. 
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stone or iron arches are of large span their movements from 
changes of temperature will generally dislocate to a slight degree 
the flagging and pavement of the roadway above. 

An increase of temperature causes suspension bridges to deflect, 
just the reverse of what happens to arches ; girders, which exert 
only a vertical pressure on the points of support, extend longi- 
tudinally under the same influence, and on this account it is usual to 
provide rollers, or, if the span be moderate, sliding metallic sur&ces, 
under one end of each girder. It may be questioned, however, 
whether sliding surfaces long remain in order, and some engineers 
prefer timber or stone wall-plates beneath the ends of the girder, 
even when the span exceeds 100 feet. In place of being supported 
by rollers, girders are sometimes hung from suspension links, the 
pendulous motion of the links affording the requisite horizontal 
movement due to change of temperature. The chains of suspen- 
sion bridges are generally attached to saddles which rest on rollers 
on top of the towers; the object of these, however, is rather to 
compensate for imequal loading than for changes of temperature. 

415. Alteratioii off leni^ ftwni chanffe off tenperature — 
C^oelllalento off linear exmuisloa. — The coefficient of linear ex- 
pansion of any material is the fractional part of its length at zero 
centigrade, which it elongates or shortens from a change of one unit 
of temperature, generally l^C. The alteration of length for other 
changes of temperature is expressed by the following equation. 

K = nkl (225) 

Where I := the length of the bar at (Fig.) 0°C., 

k = the coefficient of linear expansion of the material for 

one degree, 
n =: the number of degrees through which the temperature 

of the bar is caised or lowered, 
X = the increment or decrement of length due to a change 

of temperature equal n degrees. 

Ex. The total length of the Britannia wronght-iron tabular bridge U 1,510 feet, and 
an inorease of temperature of 26®F. caaaed an increase of length of 9^ inohee, what 
u the coefficient of linear expansion of plate iron for l^C. f — {Clarh^ p. 715.) 


CHAP. XVII.] 


TEMPERATURE. 


307 


Here, I » 1510 feet = 18120 inches, 
» = 26*F. = 14-44»0., 
X = 8-25 mches. 


AfWWtTf fc s= — I = 


8*25 


:= 0-000012421 iBch. 


ni" 14-44X18120 

The following table contains the coefficients of linear expansion 
of various materials for one degree centigrade. 

TABLE I. — CoBFncnurTS of LnriAB Expansion vob l^'C. 


DeMrtptbm of MafteriaL 

Authority. 

CoeffldentB 
of linear 
expansion 

for i«>a 

Mbtalb. 

• 



Antimony, . . . . . 

Smeaton, 

•000010888 


Do. 

•000018916 

Brass (supposed to be Hamburg plate brass), . 

Bamsden, 

■000018554 

Do. (English plate, in form of a rod), . 

Do. 

-000018928 

Do. (English plate, in form of a troogh). 

Do. 

•000018949 

Do. (cast), ... 

Smeaton, 

-000018750 

Do. (wire), ..... 

Do. 

•000019888 

Copper, . . .... 

Laplace & Lavoisier, 

•000017122 

Do. ...... 

Do. 

•000017224 

Gold (de depart), . . . . 

Do. 

•000014660 

Do. (standard of Paris, not annealed). 

Do. 

•000016515 

Do. ( do. annealed). 

Do. 

•000015186 

Iron (cast), ..... 

Bamsden, 

•O0O0lTb94 

Do. (from a bar cast 2 inches squars). 

Adie, 

•000011467 

Do. ( do. } an inch square). 

Do. 

•000011022 

Do. (soft forged), .... 

Laplace k Lavoiider, 

-000012204 

Do» (round wire), .... 

Do. 

-000012850 

Do. (wire), . . « . . 

TVoughton, 

•000014401 


NoTB. — One d^ree Fahrenheit = |ths of one degree centigrade. To convert a 
given temperature on Fahrenheit's scale to the corresponding temperature centigrade, 
subtract 82*"., and multiply the remainder by ^. Thus, the temperature of 86"F. =- 
30'C., but a range of 86'r. = 48'C. nearly.. 
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TABLB I.— Coimoiuin 

OF LnriAB BxPAKSiOH FOB \^C. — Contintied, 

DeMriptton of Materli 

J. AnU&orltjr. 

Coeffldenta 

of Unew 

expaiulon 

forrc. 

MiTALB. 

• 


Lewi, . 

Laplace & Lavoisier, 

•000028484 

Do., .... 

Smeaton, 

•000028666 

Palladium, 

. WoUastoD, 

•000010000 

Platina, .... 

Dnlong and Petit, 

•000008842 

Do., .... 

Trooghton, 

•000009918 

Silver (of Gnpel), 

Laplace & Lavoisier, 

•000019097 

Do. (Paris standard), . 

Do. 

•000019086 

Do., .... 

Troughton, 

•000020826 

Solder (white ; lead 2, tin 1), . 

Smeaton, 

•000025068 

Do. (spelter ; copper 2, zino 1) 

Do. 

•000020588 

Specalnm metal, 

Do. 

•000019888 

Steel (untempered), 

Laplace & Lavoisier, 

•000010788 

Do. (tempered yellow, annealec 

iat65«C.), . Do. 

•000012895 

Do. (blistered), . 

Aneaton, 

•000011500 

Do. (rod), 

Bamsden, 

•000011447 

1^ (from Malacca), 

Laplace & Lavoisier, 

•000019876 

Do. (from Falmouth), . 

Do. 

•000021729 

Zin% .... 

Smeaton, 

•000029416 

TiXBm. 

, 


Bay wood. Id the direction of the 
Deal, do. do. 

grain, dry, Joule^ •< 
do. Do. -j 

•00000461 to 
•00000566 
•00000428 to 
•00000438 

Stovs, Bbick, Glass, i 

[ySlClIIT. 


Arbroath pavement, 

Adie, 

•000008985 

Brick (best stock), 

Do. 

•000005502 

Do. (fire), 

Do. 

•000004928 

Caithness pavement, 

Do. 

1 

•000008947 
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TABLE I. — CoBmcouiTS of Lihbab Expanuon yob VC^Continued, 


Deseriptlon of llAtoriia. 

Authority. 

Goefflcienti 
of linear 

expuulon 
for 1°C. 

Stohs, Bbiok, Glabs, Gbmbnt. 



Cement (Roman), .... 

Do. 

'000014349 

OUws (Engliah flint), . . . . 

Laplace k Lavoisier 

. 000008117 

Do. (Frandi, with lead), 

Do. 


000008780 

Granite (Aberdeen grey), 

Adie, 


•000007894 

Do. (Peterhead red, dry), . 

Do. 


•000008968 

Do. ( do. do. moist). 

Do. 


•000009588 

Greenstone (from Ratho), 

Do. 


000008089 

Marble (Carrara, moist), 

Do. 


•000011928 

Do. ( do. dry), .... 

Do. 


•000006589 

Do. (black Galway), . . . . 

Do. 


'000004452 

Do. ( do. softer specimen, containing more 

Do. 


•000004798 

Do. (Sicilian white, moist), . 

Do. . 


•000014147 

Do, ( do. do. dry). 

Do. 

. • 

•000011041 

Sandstone (from Craigleith quarry). 

Do. . 


•000011748 

Slate (from Penrhyn quarry, Wales), . 

Do. 


000010376 

• 


Adie; Dixon'i Tnatue on ffeai, p. 85. 

Dolong and PetH ; Pomlki, iUmmU de Phynqn^, p. 908. 

Joole; Proc Roy. Soc, YoL ix., No. 28, p. 3. 

lAplaoe and Lavoisier; Dixon'a Trwtiu on Heatf p. 29. 

Ramsden ; idem, p. 27. 

Smeaton ; PouiUet, ^Umenti de PhywUput, p. 207. 

IVooghton; idem. 

Wollaston; idem. 


416. Bxpanitbilttyor tlflifeer dJihiifiheJij or evcai revencd, 
Iby Miolitare. — Mr. Joule found that moisture occaeioned a 
marked diminution in the expansibility of timber by heat. After 
a rod of bay-wood on which he experimented " had been immersed 
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in water until it had taken up 150 grains, making its total 
weight 882 grains, its coefficient of expansion was found to be 
only 000000436. Experiments with the rod of deal, weighing 
when dry 425 grains, gave similar results ; when made to absorb 
water its coefficient of expansion gradually decreased, until, when 
it weighed 874 grains, indicating an absorption of 449 grains of 
water, expansion by heat ceased altogether, and, on the contrary, a 
contraction by heat equal to -000000636 was experienced* 

41V. Hototare iBcreaflcs the ex^mmtMmty of 0OMie stones — 
RaUiiBV the tempemtore prodnees a penuaaent met la some 
0toae«. — *' In the case of greenstone, and some descriptions of 
marble, the effect of moisture was to increase the amount of ex- 
pansion ; in other instances no effect of this kind was perceptible. 
Mr. Adie also found that in white Sicilian marble a permanent 
increase in length was produced every time that its temperature 
was raised, the amount of increase diminishing each time.*' f 

418. Ik efaaaffe of temperatare of 15®€. in east-Iron^ and 
§<'€. in wroairlit-lronj are eapaMe of prodnelnir a strain of 
one ton per square ineii~€^pen urirders In tlie United Kingdom 
llaliie to a range of 45^€. — The alteration of length of a cast- 
iron bar within the range of three tons tension and seven tons com- 
pression per square inch is about '000175 of the original length for 
each ton per square inch, and its coefficient of linear expansion for 
l^C. = '000011467 according to Adie; consequently, an alteration 
of temperature of about 15°C. (= 27®F.) is capable of developing 
a force equal to one ton per square inch. Again, if we assume that 
the alteration of length of a bar of wrought-iron for both tensile and 
compressive strains = '0001 of its length for each ton per square 
inch, its coefficient of expansion for 1®C. being -000012204, an 
alteration of temperature of about 8**C.(= 14'4®F.) is capable of 
developing a force equal to one ton per square inch. The range 
of temperature to which open-work bridges through which the 
air has free access are subject in this country seldom exceeds 
45''C. (= 81°F.) for which range Jwrought-iron alters 000549, or 
nearly tb^ht*^ ^^ its original length. This change of length is 

• Proc. Rf>y, Soc., Vol. ix., No. 28, p. 3. f Dixon '« Treatise on ffeat, p. 34. 
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nearly equivalent to that which would be produced bj a strain of 
5^ tons per square inch. The range of temperature of cellular 
flanges may, however, exceed that mentioned above, as Mr. Clark 
mentions that the temperature of the Britannia tubular bridge, 
before it was roofed over, differed " widely from that of the 
atmosphere in the interior, for the top during hot sunshine has 
been observed to reach 120°F., and even considerably more; and, 
on the other hand, a thermometer on the surface of the snow on 
the tube has registered as low as 16^ F.'' * 

A familiar instance of the contractile force of wrought-iron in 
cooling is exhibited in the tires of wheels. '* An ingenious appli* 
cation of this force was also made in the case of a gallery in the 
Conservatoire des Arts et Metiers in Paris, whose walls were 
forced outwards by some horizontal pressure. To draw them 
together M. Molard, formerly director of the Museum in that 
establishment, had iron bars passed across the building, and 
through large plates of metal bearing on a considerable surfiuse of 
the external walls. The ends of these bars were formed into 
screws, and provided with nuts, which were first screwed close home 
against the plates. Each alternate bar was then elongated by 
means of the heat of oil lamps suspended from it, and when 
expanded the nuts were agun screwed home. The lamps being 
removed, the bars contracted* and in doing so drew the walls 
together. The other set of bars was then expanded in the same 
manner, their nuts screwed home, and the wall drawn in through 
an additional space by their contraction. And this series of 
operations was repeated until the walls were completely restored to 
the vertical, in which position the bars then served permanently to 
secure them." f 

410. Tabular plate i^lrdem sul^eet to vertical and lateral 
motloiM Urown ehan^^em of temperature — flpen-work i^lrdem 
aearly quite fk*ee ttowm these mOTements. — In addition to the 
longitudinal movements to which all girders are subject from 
changes of temperature, tubular plate girders move vertically or 

* Britannia and Conway TStlmlar Bridget, p. 71 4. 
t Dixon 'b IVeatise on Heat, p. 121. 
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laterally whenever the top or one side becomes hotter than the 
rest of the tube. Referring to the Britanma tubular bridge, Mr. 
Clark states that ^^even in the dullest and most rainy weather, 
when the sun is totally invisible, the tube rises slightly, showing 
that heat as well as light is radiated through the clouds. On very 
hot sunny days the lateral motion has been as much as 3 inches, 
and the rise and faU 2 inches and fifths." * 

These vertical and lateral motions have not been much observed 
in lattice or open-work girders ; no doubt because the air and sun- 
shine have free access to all parts, and thus produce an equable 

temperature throughout the whole structure. 

490. Traiuprerse 0treiiffih of east-iron not alKected liy 
eluuii;€« of temperature Ibetween 16° F. aa4 600°F. — 

It appears from Mr. Fairbaim*s experiments on the transverse 
strength of cast-iron at various temperatures from 16°F. upwards, 
that its strength '* is not reduced when its temperature is raised to 
600^ F., which is nearly the malting point of lead; and it does not 
differ very widely, whatever the temperature may be, provided the 
bar be not heated so as to be red hot.*' f 

4n. Tensile streni^h of plate*lron nnifimn ft^m O^F. to 
400° F. — It also appears from Mr. Fairbaim^s experiments on 
wrought-iron at various temperatures that the tensile strength of 
plates is substantially uniform between O^F. and 400^ F. This 
result is corroborated by the experiments of the committee of the 
Franklin Institute appointed to report on the strength of materials 
employed in the construction of steam boilers. Mr. Fairbaim also 
found that the strength of the best bar-iron was increased about one- 
third when the temperature reached 320^ F., after which it again 
diminished, t This, however, seems anomalous, and further con- 
firmation would be desirable. • 

* Britannia (tnd Corncay Tabular Bridgeit p. 717. 

t Hodgkiiwon's Exp. Bes^ p. 378 ; and Fairbairn*8 Useful Information for Engmttrt^ 
firfit Reries, p. 81. 

X Vt^id Information for Engineert, second series, pp. 114, 124. 
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CHAPTER XVm. 


FLANGES. 


499. t^adt-lron i^lrders. — ^The compression flange of cast-iron 
girders is frequently made stronger than is theoretically necessary 
for the purpose of rendering it sufficiently stiff to resist side 
pressure, vibration, or other disturbing causes; in a word, to resist 
flexure. As the average crushing strength of cast-iron is about 
5 times its tensile strength, theory indicates the most econo- 
mical proportion of the compression to the tension flange, when 
both are horizontal, to be also 1 to 5 (19), whereas it is generally 
made much stronger than this, its area being sometimes as high as 
one-third of that of the tension flange. Hence cast-iron girders 
rarely fail in the compression flange, and it is a conunon practice 
to calculate their strength, as well as that of wrought^iron girders, 
firom the leverage of the tension flange by the following well- 
known modification of eq. (19) : — 

W = "^^ (226) 

in which W = the breaking weight in the middle in tons, 

a = the net area of the tension flange in square inches, 
d =z the depth of the web in the middle in inches, 
I = the length between bearings in inches, 
c = a coefficient depending on the material. 

For cast-iron the coefficient c = 4 x 7 = 28, the average tensile 
strength of cast-iron being about 7 tons per inch. For wrought- 
iron c = 4 X 20 = 80, the tensile strength of ordinary plate 
iron being about 20 tons per inch. This equation omits any 
strength derived from the vertical web acting as an independent 
rectangular girder (00) ; it gives, therefore, too low a result when 
the area of the web forms a large portion of the total cross 
section. 

40S. Cellular ilaiiireii. — The box or closed cell was for some years 
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a &TOurite form for the compression flange of tubular plate girders, 
whereas the tension Qange was generally made of one or several 
plates riveted together so as to form prhcdcaUy one thick pkte. 

Fig. 94. 


The adoption of the cell in this instance arose from the impression 
that it is better adapted than other forms of pillar for re^sting 
flexure, and so no doubt it ts when used as a pillar without 
extraneous support. Its connexion with the continuous web, how- 
ever, prevents the flange from deflecting in a vertical direction, 
ibr at each point along its length it is held rigidly in the direction 
of the thrust, nor can it escape from this without separating from 
the side plates, and it is obvious that a very moderate force will 
hold a pillar in the line of thrust when the flexure is of trifling 
amount (15A). It should also be kept in view that the etifiness of 
an unsupported plate to resist flexure is proportional to the cube 
of its thickness (S18), and consequently, if the top and bottom 
plates of the cell be riveted togetiier, we have a plate 8 times as 
stiff as either separately. If to these we add the central plate and 
the upper half of each side of the cell (so as to leave the depth 
of girder measured from the centre of the cell to the lower flai^ 
unaltered), and the spare angle irons, we have a top flange at least 3 
times as thick, and therefore 27 timed as stiff to reust vertical flexure 
as the unsupported top of the ori^nal cell. Though we do not 
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thoroughly know the laws which govern the buckling of tubes 
(S90), it is evident that the pile of plates possesses a superiority 
over the cell in this respect. It is, moreover, clear that the lateral 
stiffness of the flange is scarcely, if at all, affected by using one 
thick plate of the same width and sectional area as the cell, for, 
regarding the pile as a girder on its side, we have the adjacent parts 
of the double web performing the duty of flanges in place .of the 
sides of the cell. In addition to this it will be shown in the chapter 
on connexions that considerable economy in the joint covers may 
be effected with plates in piles as compared with cells. One great 
objection to the closed cell is this: a large extent of surface is 
exposed to corrosion, and is at the same time difl&cult of access and 
therefore liable to be neglected ; at the best its preservation is costly, 
and depends on the amount of care which the painter may feel in- 
clined to bestow on an irksome task, for the completion of which he 
feels but little responsibility since his work is rarely inspected, while 
during its tedious and unhealthy performance he is obliged to 
assume an unnatural and fatiguing posture.* The corrosion inside 
a cell, however, may be greatly diminished by stopping up the ends 
so as to exclude change of idr and moisture. 

494. Piled Umivcs — ^lionir rivets net eltf eettenalile. — When 
several plates are built into one pile it may be objected that great 
length of rivet is required, and that the workmanship is in con- 
sequence less sound ; but this objection has no real value so far 
as the riveting is concerned. In parts of the Britannia Tubular 
Bridge rivets passed through six layers of iron of an aggregate thick- 
ness of nearly 3^ inches, f and in the Boyne Viaduct many rivets 
passed through six and seven plates, and in some parts even nine. 
As I had forgotten the exact method of manipulating these long 
rivets at the Boyne Viaduct, I obtained from Mr. Colville, the 
intelligent superintendent of the iron- work, the following details : — 

* A painfal aoranefls of the eyes and tendency to faint are eiperienoed in dose 
ceUs whenever the stifling vapour of new lead paint is not removed by constant 
cuirents of fresh air passing through them. Hence, when the ventilation is defective, 
the painter must come oat at short intervab to breathe the fresh air. 

f Britannia and Oonway Tuhular Bridget, p. 676. 
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' '' The longest riyet we had was. about 8 inches long, and the 
holes must be well rimed out. The rivets were kept cool, head 
and point, by dipping in water, and the body of the rivet made 
very hot, which enabled the workmen to use the cup tool and the 
heavy hammer at once. Some of the long rivets I had cut out, 
after being riveted, to see what they looked like, and I must say 
they ^ed better than I expected, being at top of the piers, which 
was very difficult to get to. I see no difficulty in riveting such 
thickness as ¥ras at the Boyne Bridge, but it must be with care in 
the heating of the rivets, and using about a 141b. hammer and cup 
tools. Common light riveting hammers would only upset the 
rivet at the point, and would not fill in the body in such thickness 
as 4^ to 5 inches.'* 

4M« Piineliliiir aa4 diillinir tools. — ^Careful attention is doubt- 
less required in punching plates, so that the holes in the successive 
layers may coincide, and without proper precaution much trouble 
and expense would be incurred in subsequent riming out the holes; 
but this labour may, to a great extent, be avoided by using accurate 
templates, or when the magnitude of the work warrants such an 
outlay, by punching machines similar to the Jacquard machine used 
at the Conway Bridge, and subsequently at the Boyne Viaduct and 
Canada Works, and constructed expressly for the purpose of pro- 
ducing accurate repetitions of any required pattern.* Drilling tools 
for boring several holes at once have been occasionally used with 
much success, as at Charing-cross Bridge. Such tools will often 
repay their first cost by the saving of manual labour in punching 
and plating, besides insuring more accurate work. 

49II. Poftftion of roadway. — The roadway is generally attached 
to one or other of the flanges, but is sometimes placed midway, 
or even suspended below the girder as in suspension bridges. 
Both the latter positions are objectionable, since with either 
arrangement we lose the advantage of horizontal rigidity which the 
roadway imparts to the flange to which it is attached. Moreover, 
Jess material is generally required for forming the connexion between 

* For a defloription of this machine see Part 1 21 of the Cudl Snffineen* and Arehit^eUt* 
JoumaL 
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the road girders and the main girders at the flanges than else- 
where. When local circumstances do not determine the level of 
the road it may at first sight appear desirable to connect it with 
the upper or compression flanges, so as to stiffen them against 
horizontal flexure, and this is probably the best position with 
shallow girders. It allows the load to be placed more immediately 
over the longitudinal axis of each girder, and thus, besides dis- 
pensing with heavy cross girders, it removes any tendency to 
unequal strain, which a one-sided load on the lower flanges might 
produce. But with large and deep girders, independently of the 
consideration that the lower the centre of gravity the more stable 
the structure, some slight advantage results from connecting the 
road with the lower flange, as the expense of a parapet is saved, 
and there is a greater appearance of security when a train travels 
through instead of over a tubular bridge. 

4M. C^mprcwiioii ilaaffe mtMtmed hy the eompremrton 
^rmtimg of weh. — When the road is attached to the lower flanges 
and the depth of girder is not enough to admit of cross-bracing 
between the upper flanges, the horizontal stiffness of the road is 
communicated to the upper flanges by the internal bracing of the 
compression braces (Fig. 89, M9). Triangular gussets between the 
latter and the cross girders are sometimes introduced ; or, if these 
are found insufficient, the cross girders may be prolonged like 
cantilevers, and their extremities connected by raking struts with 
the upper flanges, as in the parapets of wooden bridges. 

498. Waste of MUiteiial Ib ilaiii;e« of uiiAirm seetloii — 
Arehed upper flaaipe — Waste of material In eontlnuoas 
Sirdem eroMinir aaeqnal 0pan». — It frequently happens that 
the flanges have a greater sectional area near their ends than 
theory requires, in order to preserve the symmetry of the girder 
throughout its entire length and to avoid injudiciously thinning 
the material.* This source of loss does not exist in the bowstring 
girder, as in it the strain is nearly uniform throughout each flange. 
A compromise may be effected between the bowstring girder and 
that with parallel flanges by arching the upper flange, as in Fig. 
95. In this form of girder the strains near the ends of each flange 
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are increased, and thus the extra material b utilized, at the same 
time that the stnuns in the end braces are diminished in con- 
sequence of the oblique flange taking a share of their ehearing- 
strun (15). The mode of calculation is the same as for the bow- 
string girder. 

For a umilar cause to that just mentioned there is frequently 
a waste of material in the flanges of continuous girders of uniform 
depth crossing spans of very tmequal length. In this case the 
segments over the smaller spans are much deeper in proportion 
to their length than those over the larger spans, and hence s con- 
siderable waste of material may arise from carrying the section 
of the flanges symmetrically throughout. 

4t9. Am cKccMi oT BtrcBsth in one flaave dses MM iMerease 
•he atrcMvtk of braced ilrdcn, thessh H auiy sUshUy Ib- 
creaae the •treavth of ^frden wHh coatfaiaovB wch*. — If 
the flanges of a braced girder be well proportioned both will fail 
simultaneoudy with the breaking load, and any increase of strength 
in one flange only does not increase the strength of the girder, but 
rather diminishes its useful stiwngth by the excess of dead w^ht. 
When, however, the web is continuous an increase of strength is 
produced by enlarging one sf the flanges beyond its due proportion, 
for the following reason : — The unit-etrain in the re-enforced flange 
is less than before ; consequently, there is less alteration in its length 
from strain, and the neutral surface approaches closer to it than 
if the flanges were duly proportioned; hence a larger portion 
of the web luds the weaker flange. The useful strength of the 
g^er, howcTer, is not necessarily increased, since the extra strength 
thus obtained may merely sufBce to support the extra weight of the 
re-enfbrced flange. 
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CHAPTER XIX. 

WEB. 

450. Plate web — CmM^nUMou of Btndum. — In lattice girders 
the flanges and the compression braces are intersected at short 
intervals, and thus divided into short pillars as far as their 
tendency to flexure in the plane of the girder is concerned (MO) ; 
this support is carried to its extreme limit in plate girders, the 
characteristic feature of which is the continuity of the vertical 
connexion (single or double, as the case may be) between the 
flanges. As the thin web of plate girders is ill adapted to resist 
buckling or flexure under compression it is usual to stiffen it by 
vertical T or angle irons reaching from flange to flange, like the 
frames of a ship. On a little consideration it will be obvious that 
these stiffening frames make the web more ri^d at short intervals 
in vertical lines; thus this method of constructing plate girders 
resembles the vertical and diagonal bracing investigated in the 
seventh chapter, and the strains in the web may be approximately 
calculated in the manner there described. If these frames be 
placed diagonally in place of vertically the web will resemble the 
class of bracing investigated in the sixth chapter. 

451. 0treBirtb ef a eoatlauou0 web ealeulated flrom «hear- 
IngHrtrain. — The theoretic thickness of a continuous web may also 
be calculated from the shearing-strain by the following rule : — 

Sectional area of web = Sh^^g^y^'^ (227) 

U mt-stram 

in which the unit-strsun is the safe unit-strain for shearing (40). 

This gives the minimum thickness, which, however, is often much 

less than a due regard for durability requires, neither does this 

rule give an adequate idea of the additional material required for 

stiffening the web against buckling. 

Ex. The iron-work of one of the Conway tubes weighs 1,112 tons between the 
supports; adding 400 tons for weight of permanent way and a passing train, ^9 hare 
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a total dirtribated ]oad of 1,512 tons, of which one-fourth, or 878 tons, is the aliaanng- 
stndn At eafch end of each aide. The end aide platee are 19 feet high and ) inch thick; 
hence their groes section = 142*6 square mches, but as their edges are pieroed by one 
inch rivet holes, three inches apart centres, their net section la one-third less, or 95 square 
inches. The shearing-strain at the joints is therefore about 4 tons per inch of net 
section. In this example no credit has been given to the outsides of the cellnlar 
flaagesi, which, doubUesB^ contribute their quota of strength to resist shearing-strains. 

4S9. JLmliliriilty respeetinir dlrcctloii of slraiiM In eoa- 
tteuoiw web0 — Bracbiir ffeneraOy more ceonOBiieal tlMUi 
piatlBi^ — lliinimym thlcluieos of platfaiir In practice — RdattTC 
corrosion of mcials. — ^Besides these compressive strains acting 
in directions more or less defined, there exist' in the web of eveiy 
plate girder diagonal tensile strains which cross the stiffening frames, 
and whose directions assume a very undefined character, doubtless 
varying with every position of the load. It thus appears that 
some portions of the web of plate girders are simultaneously 
sustaining tension and compression, and it might hence seem 
at first sight that a continuous web is more economical than one 
formed of diagonal bracing, since in the former arrangement 
the same piece of material performs a double duty, which in the 
diagonal system requires two distinct braces. Theoretically this 
view is correct if it be conceded that one and the same portion of 
material is capable of sustaining, without injury, both tensile and 
compressive strains transmitted through it simultaneously at an 
angle with each other, and, in the absence of direct experiment, 
there seems some reason for believing this to be the case within the 
limits of strain which are considered safe in practice. For instance, 
the shell and ends of a cylindrical boiler with internal flue are 
subject to tensile strains, the former in two directions at right angles 
to each other, the latter in various directions, while the flue is 
subject to tension in the direction of its length and compression at 
right angles to it. Again, experiments on the strength of riveted 
joints have not indicated any source of weakness in the plates other 
than that due to the reduction of area by the rivet holes or the mode 
of punching, and, if moderate compression does reduce the tensile 
strength, closely riveted joints, such as those of boilers, would be 
perceptibly weakened by the compression due to the contraction of 
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the rivets in cooling. It seems, therefore, reasonable to infer that 
a moderate strain (three or four tons per square inch at all events) 
of either kind does nbt affect the ultimate strength of iron to sustain 
a strain of the other kind at right angles. However this may be, 
practical reasons prevent the plate-iron web from being so economical 
as that formed of bracing, except in very small or very shallow 
girders, or girders which sustain unusually heavy loads and in 
which therefore the shearing-strain is very considerable, or near 
the ends of girders of very large span; for unless the plating 
be reduced in thickness to the extent which theory indicates as 
sufficient, but which is quite unsuitable for practical reasons, the 
bars of the braced web will require so much less material than the 
continuous web of a plate girder as to make the former really the 
more economical. 

One quarter inch may be assumed to be the minimum thickness 
that experience sanctions for the plating of permanent structures. 
A thinner plate than this may with care last for years, but few 
engineers would wish to risk the stability of any important 
structure on the chance of such frequent attention to prevent 
corrosion as so great a degree of tenuity would require. Mr. Mallet 
gives the relative oxidation of certain metals in moist air as follows*: 

Cast-iron, • - - - -42 
Wrought-iron, - - . -54 
Steel, -56 

He also states at p. 27 of his third report on the action of air 
and water upon iron to the British Association in 1843, that in one 
century the depth of corrosion of Low Moor plates, as deduced 
from his experiments, would be— 

Inch. 

In dear sea water, - - 0'215 
In foul sea water, - - - 0*404 
In clear fresh wat^r only, - 0*035 

4M« Platlnir more ceonomlcal tluui braclBfr near the ends 
of very ionir n^lrders — Coottaiuoiui weh0 more eeonomieal In 
•hallow than In deep ylrden. — When, however, the span is of 

* On the Otmttruftion of Artillery, p. 188. 
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great extent the opeoB between the braces towards the ends become 
smaller from the increased width of the bars, and therefore nearly 
equal to their overlap; hence there is a certain length of girder 
beyond which it may be foimd more economical to form the 
ends of the web of contiauous pistes, and the intermediate 
portion of diagonal bracing. The length of girder at whose 
extremities the same amount of material is required for the web, 
whether formed of bracing or of plates, depends, among other 
things, on the ratio of depth to span. In large nulway girders, in 
which this ratio is frequently about 1 to 15, the span beyond which 
it becomes more economical to substitute plating near the ends in 
place of braang lies between 300 and 400 feet. Take, for example, 
the single-line nulway bridge of 400 feet span, whose weight is 
calculated in the chapter on estimating girder-work. The lengtli = 
400 feet, the depth = 2667 feet, or l-15th of the length, and the 
maximum w^ht, including the permanent load, which the bridge 
has to support = 1,490 tons distributed uniformly. One-fourth of 
this, or 372*5 tons, is the shearing-stnun supported by the web at 
the end of one main girder. Now if the bracing be at an angle of 
45°, which is the moat economical angle, the strain in the end 
diagonals will equal the shearing-strain multiplied by 1-414 = 526*7 
tons, requiring, at 4 tons per inch, a gross section of 131*7 square - 
inches.* If the iron be half-inch, the width of the end diagonal 
will equal 263 inches, as in Fig. 96, in which for simplicity only 
one system of triangulation is represented, since the overlap will 
be the same whether one or several systems be adopted. 
Tig.S6. 


* la oooMqiwnM of the rivet holes, 4 tons per square inch of groM m 
Unrilc rtndn Hsnmeil equiviloit to S toni per squure inch of net eection. 
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It is evident that the overlap of the bars considerably exceeds the 
open spaces. This example, therefore, has attained the span beyond 
which it would be more economical to employ plating for the end 
portions of the web. If f -inch plating be considered sufficiently 
thick the limit would of course happen sooner. If, however, the 
depth were greater than l-15th of the length, the limit would be 
greater than in our example. It b obvious also, from what has 
just been stated, that the relative economy of plate webs is greater 
in shallow than in deep girders; for if bracing were used the 
opens between the braces would be much smaller in the former 
than in the latter case, and, consequently, if these opens be filled 
up by continuous plating, there will be less waste of material in 
the shallow than in the deep ^rder. 

4t4. Oreaier proportion of a contiiivoiio weh xwrnXUMe 
Par llaBffo mtrtdnm In shallow than In 4cep yirieni. — That 
plate girders derive from the continuity of the web some increase 
of strength over that due to the sectional area of the flanges is 
certain (99), but the amount of horizontal strain which a thin web 
is capable of transmitting is, in large girders, generally too indefinite 
to admit of any considerable reduction in the area of the flanges on 
this account, and is, therefore, practically of slight importance, for 
it seems unlikely that horizontal strains of compression can be 
transmitted with much energy through the thin continuous web 
of a deep girder, except in that portion which is dose to the flange, 
and therefore stiffened against buckling by its connexion therewith. 
In shallow plate girders, however, such as those used for the cross- 
girders of bridges, deck-beams of ships., fire-proof floors, &c., the 
web generally forms a large portion of the whole, possesses con- 
siderable strength by itself, and is therefore available for horizontal 
as well as vertical strains. 

These considerations show that the compression flange of a 
shallow plate girder derives a greater pei*-centage of aid from the 
web than that of a deep girder. 

4S5. Hefleetlon of plate yirieni onhotamtlaliy the Munc 
mm that of lattlee irtrd^n* — From these considerations it would 
also appear that the deflection of plate girders is little, if at all, less 
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than that of lattice girders, the length, depth, and flange area being 
the same in both ; for if their flanges be subject to the same unit- 
strains, their deflections will be alike (994). Even assuming that 
the web does relieve the flanges of horizontal strun to the foil 
extent which theory indicates, the deflection will not be very 
materially diminished thereby, for it appears from eq. (149) that 
a continuous web is for horizontal strain equivalent to only ^th of 
its area placed in each flange. Plate ^rders, it is true, are generally 
thought to be stiffer than those with braced webs, and closely latticed 
girders than those with only one or two systems of triangulation, 
but I am not aware of accurate comparative experiments on this 
subject. It is quite possible that when the compression flange has 
but few points supported by intersecting braces it may assume 
under strain a slightly undulating line, and therefore be a little 
shorter than a similar flange held stnught at short intervals by 
close latticing or a plate web. This would of course increase the 

deflection. 

480. WelMS of ea«t-lroB girdcm add materially te th^r 
•trenirA. — ^The webs of cast-iron girders are usually made much 
stronger than is required for the mere transmission of the shearing- 
strain. Hence they rarely require stifiening ribs, and the web 
should add to the strength of such girders, calculated merely from 
the leverage of either flange round the other as a fulcrum, by 
an amount nearly equal to the breaking weight of the web taken 
separately (99). 

497. Mlnate theoretic aeeuraey undeslraMe. — In construct- 
ing wrought-iron girders of small span, say under 30 or 40 feet, 
it is generally more economical to make the lattice bars of one, or 
at most, of two sizes throughout, even though they might be safely 
reduced in section as they approach the centre. This arises firom 
the expense and trouble of having different templates and a stock 
of bars of various sizes. It is, therefore, cheaper to have a slight 
excess of material than go to the nicety of sizes which would be 
theoretically strong enough. For a similar reason 2^ inches may 
be assumed to be the minimum useful width for a lattice bar of 
ordinary mlway girders. When of less width it is generally 
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necessary to swell out the rivet holes in the forge, so as to avoid 
reducing the effective section of the bar, and, independently of the 
bad effect produced by heating the iron, thb process is of course 
more expensive than cold punching. One result of this is that the 
central bracing is generally stronger than theory requires. 

4S§. Hattlplc and sinsle systems of MaB^altttfon com- 
paretl — Simplicity of deslffn deslraMe. — This leads to another 
consideration, viz., the number of systems employed in bnuung. 
It has been already stated (tM) that the practical advantage of a 
multiple over a single system of triangulation consists in the more 
frequent support given to the compression bars by those in tension, 
and by both to the flanges, thus subdividing the parts which are 
subject to compression into a number of short pillars, and restrun* 
ing them fix)m deflection chiefly in the plane of the girder. It 
may also be urged in favour of close latticing, that if an accident^ 
such as an engine running off the line, occurs on a bridge with the 
braces few and far apart, that in such a case the safety of the whole 
structure is menaced by the fracture of a single bar, whereas a 
closely latticed or plate girder is not only comparatively free 
from this danger, but affords greater security in case of one bar 
being originally defective, while to the public eye it has the 
semblance of greater safety, a consideration not altogether to be 
despised. 

The number of systems adopted will also depend on the distance 
between the cross-girders, which generally occur at an apex, 
and on the practical consideration of what sized material is the 
most economical; and this again will depend on two things, the 
first cost of iron of small and large scantlings, and the subse- 
quent cost of workmanship; which latter item varies much 
according to the simplicity or complexity of the design. No 
definite rule can be laid down for all cases, but one consideration 
of importance should not be overlooked in seeking after apparent 
economy at the outset. The larger the scantlings and the more 
simple the method of construction the smaller is the surface exposed 
to atmospheric influences, and the more easily detected is any 
coiTosion or decay when such does occur. The chief advantage 
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of masonry is its permanent character. No rust or decay in it 
requires constant attention or painting, and, if well executed at the 
outset, masonry truly deserves the title of permanent. 

4S9. Urtflnary (rtacfl of iron. — It will be useful to recollect 
that bars or strips are not rolled wider than 9 inches; when a 
greater width than this is required narrow plates with shorn 
edges must be used. Plates exceeding 4 feet in width or 15 
feet in length, or containing more than 32 square feet, or 
wdghing more than 4 cwt., are generally charged extra ; also 
T or angle iron, the sum of whose breadth and depth exceeds 9 
inches. Plates are rolled up to 7 feet wide or 30 feet long, and 60 
square feet in area ; they increase in thickness by sixteenths of an 
inch, and are generally called sheet iron when less than ^ inch 
thick. Ordinary angle iron can be got in lengths of from 30 to 
36 feet, and up to 6 X 6 X 2 inches. 

440. Teflttaiir sbmOI girdem hj a central weight eqaal to 
liairthe ludfiirai liiad mat aeemrate*— Small girders are frequently 
tested by a central weight equal to half the uniform or passing load 
which they are expected to carry with safety. Though con- 
venient this is not altogether a fair trial of the web. Let 
W = the proof load in the centre, and 2 W = the uniform load. 
The web of a girder designed to* support the central load, W, 
should be of uniform strength, for it sustains throughout a shearing- 

strain equal to -^ (t4). The web of a girder designed for the 

uniform load, 2W, should increase from the centre where the 
strain is slight, towards the ends, where the strain = W, in pro- 
portion to the distance from the centre (46) ; and the web 
of a girder designed to support a passing load of the same 
density as the uniform load, should increase from the centre 
towards the ends, where the shearing-strain = W, in the ratio 
of the square of the distance from the further end (50). 

Consequently the strain in the centre of the web = -j-- It is 

obvious, therefore, that the web near the centre is subject to a 
much greater strain from a central load than from a uniform or 
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passing load of twice its weight, whereas at the ends the reverse 
of this takes place* The importance of these remarks may be prac- 
tically lessened by the considerations referred to in (489). 

441. Connexion heiweeu weh and timngeB — ^Vnlfbrm strain 
In flanir^fl^ — Troni^b and hH seetlonsi — RiTeto preferaMe to 
pins. — In wrought-iron girders the shearing area of the rivets 
connecting each brace with the flanges should equal the net section 
of the brace; otherwise there is a risk of its separating from the 
flanges at a much lower strain than would destroy the brace. If 
the web be a continuous plate, the shearing area of the connecting 
rivets should equal its theoretic horizontal section, i.e., the 
horizontal net section of a plate whose thickness is that which 
theory demands; in practice, however, the plate area is generally 
considerably in excess of what theory requires, and hence the rivet 
area seldom equals its horizontal net section. The | | shaped or 
trough section (Fig. 89, p. 221), is a favourite form for the flanges 
of tubular braced girders, as it affords great facilities for attaching 
the bracing to the flanges. Objections have been raised to the 
trough with deep vertical plates, on the ground that the unit-strain 
is not constant throughout its whole area, the unconnected edges of 
the vertical plates being subject to a severer unit-strain than the 
horizontal plates in consequence of each brace ^ving off its hori- 
zontal component of strain at a point which generally lies nearer 
the free edge of the vertical plate than the centre of gravity of the 
whole section. Let us confine our attention to the compression 
flange, as similar reasoning applies to that in tension. This ten- 
dency to excessive strain is sometimes supposed to show itself by 
a slight undulation or buckling of the &ee edge of the vertical 
plate endeavouring to escape &om the line of thrust* This 
buckling, however, is not necessarily a sign of excessive compression, 
but rather of defective stiffiiess in the lower part of the plate, for if 
it were stiffened laterally so that it could not escape from the line 
of thrust, and if the unit-strain along this edge were greater 
than that in the horizontal plates, the result would be that the 
whole flange would camber from the shortening of its lower edge. 

This, however, does not take place, and hence it is reasonable 

z 
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to suppose that the strain is not very unequally distributed 
throughout the whole section. Undulation certunly is a defect, 
and proves that the plate is not standing up to its work, and 
therefore not subject to excessive compresdve strain; it rather 
indicates that a small portion of the vertical plate at each 
apex on the side remote fix>m the centre may be in tension, 
pulling, instead of thrusting, the flange towards the centre. 
Vertical plates ought therefore to be tiiick enough to resist 
buckling, say ^th of their depth (Ml), or else be stiffened by 
an angle iron along their free edges. The weight of the flange 
itself acting as a series of short girders between the apices tends to 
produce tension in the lower edges of the vertical plates, and so fiur 
counteracts excessive compressive strain, and the whole flange being 
held at short intervals by the bracing resembles a long thin pillar 
inside a tube ; the pillar may undulate slightiy and press here and 
there against the sides of the tube, but the compressive strain may 
for all practical purposes be considered as being distributed 
uniformly throughout the whole section of the pillar. The ^^ 
section of flange has its advocates, who maintun that it is free 
from the objections alleged to lie against the trough section. The 
practical convenience of the latter, however, will probably enable 
it to hold its ground against its rival. The student who wishes to 
learn tiie views of eminent engineers on this subject is referred to 
the discussions on ** The Charing Cross Bridge" and ** Uniform 
Stress in Girder Work," in the 22nd and 24th Vols, of the 
Proceedings of the InstihUion of Civil JEngineers. The main bracing 
is sometimes connected to the vertical plates by pins, like those of 
suspension bridges. Judging, however, from the experience gained 
at the Crumlin Viaduct — ^where riveting was substituted for pins, 
after some years' wear and vibration had loosened the latter — it 
seems desirable to make rigid connexions, and for this purpose 
riveting is at once the most convenient and effiective method.* 

Each pair of tension and compression braces should intersect 
somewhere in the vertical plate. In very faulty designs the braces 

• The Engineer, 1866, Vol. xxii., p. 884. 
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are BometimeB arranged so that they do not Intersect in the flange at 
allf but would, if produced, meet considerably above it, in which 
case the flange is subject to an injurious cross-strain, and is liable 
to become broken-backed from the compression braces thrusting it 
upwards while the tension braces pull it down. In some instances 
this has produced disastrous results. When the vertical plate is 
deep enough to give a choice of position, the apex may be either in 
the middle or rather closer to the upper edge, the latter position 
being perhaps the better of the two. 
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CHAPTER XX. 

CBOB8-BRACINO. 


449. WeAthcr-]bimefaig< — Hamtniiii fliree eH wlmd. — Cross- 
bracing generally fulfills two functions; it acts as a horizontal 
weby holding the compression flanges at short intervals in the 
line of thrust and thus preserving them from lateral flexure to 
which all long pillars are liable ; it also braces the whole structure 
in a horizontal plane, strengthening it to resist the side pressure 
of the wind just as the vertical web enables the main-girders to 
sustain the downward pressure of the load. When the roadway 
is attached to the lower flange, and the depth of the main-girders 
is not sufficient to admit of cross-bracing between the upper 
flanges, the latter must be made sufficiently wide to resist any 
tendency they may have to deflect sideways under longitudinal 
compression, and their lateral stii&ess may be calculated by the 
laws of pillars, though they are much aided by the internal bracing 
of the compression braces, or the angle iron stifiners of plate webs, 
which convey a large share of rigidity from the roadway to the 
upper flanges. Under these circumstances the roadway and cross- 
bradng between the lower flanges have to resist the greater portion 
of the lateral pressure of the wind, whose maximum force in this 
country may, for the purpose of calculation, be assumed equivalent 
to a uniform pressure of 25 lbs. per square foot of side surface 

exposed to its influence. 
44S. PreMure of wind practleaUy ludfiimdy lUstiilbiiied. — 

The pressure of the wind is not always, as might be supposed, 
uniformly exerted along the whole length of a girder. With 
reference to the eflect of violent gales on the Britannia Bridge, 
Mr. Clark remarks: — '^ The blow struck by the gale was not 
simultaneous throughout the length of the tube, but impinged 
locally and at unequal intervak on all parts of the length which 
presented a broadside to the gale."* 

A little further on he remarks: — "The tube, however, on no 

* Clark on the Tubular Bridget, p. 465. 
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occasion attained any serious oscillation, but appeared, to some 

extent, permanentiy sustained in a state of lateral deflection, without 

time to oscillate in the opposite direction.'* Hence the effect of 

the wind may be assumed not very different fix)m that of a 

uniformly distributed load; as a precautionary measure, however, 

it is desirable to make the central bracing somewhat stronger than 

would be requisite if the pressure were really uniform. 

444. Smeatmi's talile of Tdtoctty and tnree of wIh4. — 

The following table of the velocity and corresponding pressure of 
the wind by Mr. Bouse is given by Smeaton in the Philosophical 
Transactions for the year 1759 : — 


Velocity 

of the wind. 

Ferpendienlar 

force on a 

■qoarefoot 

Inlbe. 

ATolrdnpote. 

Common sppellfttioDB of the Wtaid. 

MUM 

per 

hour. 

Feet per 
flecond. 

1 

1-47 

•005 

Hardly perceptiUe. 


2 
8 

2-98 
4-40 

•020 
•044 

> JoBt peroeptible. 


4 
5 

5-87 
7-88 

•079 
•128 

> Gentle pleasuit gale. 


10 
15 

14*67 
2200 

•492 
1-207 

[ Pleaaant biuk gale. 


20 
25 

29*84 
86-67 

1*968 
8*075 

[ Very brisk. 


80 
85 

4401 
51*84 

4-429 
6-027 

[ High windii. 


40 
45 

58-68 
66*01 

7-873 
9*968 

[ Very high. 

1 


50 

78-85 

12-800 

A storm or tempest 


80 

88-02 

17-715 

A great storm. 


80 

117-86 

81*490 

A hurricane. 


100 

146-70 

49*200 

A hnrrioane that tears up trees, and carries 
ings before it, &o. 

build- 
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445. Siraiwi pr04vced Im tlie Ibuigei hj oroM-bracteff. — 

When there are both upper and lo¥rer cross-bracingB, each has to 
Bustun one-half the pressure of the wind ; consequently, in every 
gale the compression flange on the weather and the tension flange 
on the lee side have their normal strains somewhat increased, while 
those in the other flanges are diminished to the same extent. This 
increase and diminution of strain are, however, generally insgni- 
ficant compared to the strains produced by the load, and are, of 
course, less in open-work girders than in those with solid sides, 
which present a larger unbroken surfiice to the action of the wind. 

446. CroMhtomcteir ntv^t Ibe comteAimeed — Best ftm of 
eroMhlbraciMff — MmMUd strain advantagcong. — As the wind 
may blow on either side of a bridge it is necessary to counterbrace 
the cross-bradng throughout; hence the description of bracing 
described in Chap. VII., with transverse struts and diagonal ties, is 
well suited for cross-bracing, and in order to make it stiff and come 
into action before much lateral movement takes place, it is desirable 
to put a small initial strain on the diagonals. This will tend also 
to stiffen the whole structure agunst lateral vibration from moving 
loads. The initial strain may be produced by coupling screws,' 
cotters, or similar appliances. When the design does not admit 
of these the transverse struts may be first riveted in place, 
and then the diagonals may be riveted while they are tempo- 
rarily expanded by heat ; when cold the whole will be in a state 
of slight strain. The same effect may be produced in small 
tubes by laying them on their side, so that the cross-bracing may 
be in a vertical plane ; a few weights will then stretch one 
system of diagonals, and when thus strained the second series 
may be riveted in place. After the removal of the weights the 
required degree of initial strain will be produced if the opera-' 
lion be carefully performed. The sagging of the cross-bracing 
jfrom its own weight between girders placed far apart, will also 
aid in producing the required amount of stiffiiess, provided the 
bars be supported in a horizontal position while riveting up. 

The absence of the initial strain alluded to was strongly marked 
in the Britannia Bridge. At p. 71 7, Mr. Clark remarks: — *'The 
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effect of pressure against the side of the tube is very striking; a 
single person, by pushing against the tube, can bend them to an 
extent which Is quite visible to the eye ; and ten men, by acting in 
unison, and keeping time with the vibrations, can easily produce an 
oscillation of 1^ Inch, the tube making 67 double vibrations per 
minute." A severe storm on the 14th of January, 1850, produced 
oscillations not exceeding one Inch. This was before the two 
tubes were connected together, side by side. 

* 447. Bad pillars snlUcct to tnuwvcne atrala. — ^When there 
Is cross-bracing between the upper flanges the pressure of the wind 
against the upper half of the girder is transmitted to the abutments 
or piers through the end pillars which form the terminations of the 
web Immediately over the points of support, at least so much of it 
as Is not conveyed by the web stiffeners to the lower flanges and 
thence to the abutments. These pillars are therefore senu-girdere 
as well as pillars, as they are subject not only to vertical com- 
pression from the shearlng-stnuns In the main bracing, but to 
lateral pressures at top tending to overthrow them, and nearly 
equal in amount to one-half the total pressure of the ¥dnd. 
Thus, if there be two main ^rders and four end pilars, each 
of the latter sust^jns a transverse pressure at top nearly equal 
to one-eighth of the pressure of the vnnd. It is, therefore, 
desirable to fix the lower ends of these pillars very securely by 
means of strong gussets attached to the masonry, or, if these be 
Inadmissible from the lon^tndiual expannon of the bridge, to a 
cross road girder, which may be made stronger and stiffer than 
usual for this purpose. 

44§. Bow or bowotrtaiir Sirdero salUcct to ttmamwerae 
mirmimm. — ^The bowstring girder, with roadway attached to the 
string, does not admit of cross-bracing between the bows through- 
out their entire lengtii, but only near the centre, where there is 
suffident headway for carriages beneath. The ends of the bows 
are consequentiy subject to transverse strains similar to those just 
described in the case of end pillars of girders with horizontal 
flanges. 
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CHAPTER XXL 


CROS8-OIBDERS. 


449. HMdmam welybt on criMS-clrdcni — EconoHdeal 
lUstaiiee between eross-glrdnv. — The cross-orders of ndlway 
bridges support the platform, ballast, sleepers, and rails ; and when 
the interval between them does not exceed that between two adjacent 
axles of a locomotiye, say 6 or 7 feet, the greatest load which each 
cross-girder has to support is determined* by the weight resting on 
one pair of driving wheels, which rarely, if ever, exceeds 16 tons or 
8 tons per wheel. Consequently, if the effect on the rails, sleepers, 
and platform in spreading the load over several girders be neglected, 
each road girder, however close they may be together, ought to be 
capable of sustaining 16 tons if the bridge be made for a single 
line, and twice this if made for a double line, in addition to the 
permanent weight of platform, ballast, &c., and as a train of 
locomotives and tenders, that is, the load of maximum density, 
does not exceed 1^ tons per running foot, it would obviously be 
the most economical arrangement to place the cross-girders, at all 
events, not closer together than the above stated distance of 6 or 
7 feet.* It may, perhaps, be supposed that cross-girders placed at 
shorter distances need not be so strong in consequence of the 
rails, sleepers, and platform distributing the load over several 
cross-girders, and this, no doubt, is to a certain extent correct, 
and numerous bridges have been constructed on this principle. 
Government Inspectors are now, however, more particular than 
formerly, and each cross-girder should be strong enough to sustain 
the load on the driving wheels of the heaviest engine which can 
come on the line, inasmuch as the sleepers may decay, joints may 
occur in the rails close to a cross-girder, or the platform may 

* The crosB-girden of the Boyne Viaduct are 7 feet 5 indies apart, equal to the 
diagonal of the square formed by the lattice bars of the main-girders. The interval 
between those of the Britannia and Conway Tubular Bridges is 6 feet. 
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require renewal, and perhaps be altogether removed for this 
purpose. 

450. RaU girders or keelsonn — ^Pcrnuuieiit load of road- 
way. — ^When the cross-girders are further apart than from 2 to 3 
feet (the distance from sleeper to sleeper) the rails must be 
supported by longitudinal ^ders resting on the cross-girders 
or framed in between them, and in certain cases, espedaUj 
when the levels permit the cross-girders to be of great depth, 
these rail girders may be economically made of considerable 
length, with the cross-girders placed at long intervals apart, 
in some cases 20 feet asunder ; but care must be taken not to 
strain the lattice bars of the main-girders beyond their safe limit, 
by bringing too great local pressure on those which occur at the 
cross-girders. The rail girders may be conveniently made of 
plating or lattice work, similar in general design to the main- 
girders of small bridges and framed in between the cross-girders. 
In some cases these rail girders run above the latter in un- 
broken lines firom end to end of the bridge like the keelsons 
of a ship. This arrangement requires greater depth from soffit of 
bridge to rail than the former, and cannot therefore be so frequently 
adopted. The reader is referred to a valuable paper by Wm. 
Anderson, Esq., in the eighth volume of the Transactions of the 
Institution of Civil Engineers of Ireland^ in which he shows by 
a tentative process that great economy is effected by placing the 
cross-girders 12 feet apart and upwards, especially with double 
lines. The permanent load of the roadway per running foot, in- 
cluding cross>girders 3 feet apart, platform, ballast, sleepers and 
rails for a single-line bridge, 14 feet wide between main girders 
(Irish gauge 5' 3'')) ^® estimates as follows: — 

Weigbt in tons 
per raxmmg foot. 

Cross-girders, 3 feet apart, - - - -18 

Platform of 4-inch planks and bolts for same, *10 

Rails, chairs, spikes, and sleepers, - * - '06 

Ballast (from 3 to 4 inches deep), - - '20 

0-54 
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This 0'54 ton is the permanent load of roadway for a dngle line 
per ronning foot, and ia exclusiTe of main girders and croes- 
bratung, which vary with the span. The fdmilar permanent toad 
of roadway for a doable line, 25 feet 6 inches between main 
girders, is about 108 ton per running foot, or double that for 
a nngle line. In bridges of smalt span it is frequently more 
economical to place the main-girders immediately beneath the 
tuts ; they .then act as the rail bearers, and Urns dispense with 
t^XMtB-girdere (4M). When, however, there ia little head-room 
beneath the rails, a modificatiou of the trough girdw has been 
devised by Mr. Anderson, as in Figs. 97 and 98, which re- 
present one of the bridges on the Dublin, TVlcklow, and 
Wexford Rwlway. 

Rg.B7. 
Half Lonptodiul BaetiaD and half EIoratioD of Bridgs^ 


Tig. as. 

CrOM Beotionaf Bridga. 


Each r»l u carried between a pair of plate g^ere connected 
by short cast-iron saddles on which the sleeper and rut are hud, 
and to which they can he securely bolted. The girders are thus 
accessible in every part for cleaning and piunting, without dis- 
turbing the permaowit way, and at the same time watw cannot 
lodge in the iron-woA." 

• TraM. o/ /n»[. o/C. ff.«//M/«n(t, Vol TiiL, p. 16. 
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450\ JBeqalremeiitA of Baard of Trade. — The following 
requirements of the Board of Trade respecting railway bridges 
apply to the cross girders and platform. 

1. The heaviest engines in use on railways afford a measure 
of the greatest moving loads to which a bridge can be subjected. 
This rule applies equally to the main and the transverse girders. 
The latter should be so proportioned as to carry the heaviest 
weights on the driving wheels of locomotive engines. 

2. The upper surfaces of the wooden platforms of bridges and 
viaducts should be protected from fire. 

3. No standing work should be nearer to the side of the widest 
carriage in use on the line than 2 feet 4 inches at any 
point between the level of 2 feet 6 inches above the rails and 
the level of the upper parts of the highest carriage doors. This 
applies to all arches, abutments, piers, supports, girders, tunnels, 
bridges, roofs, walls, posts, tanks, signals, fences and other works, 
and to all projections at the side of a railway constructed to any 
gauge. 

4. The intervals between adjacent lines of rails, or between 
lines of rails and sidings, should not be less than 6 feet. 
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CHAPTER XXII. 


COUNTEBBBACING. 


451. Permaaeiit load — Paoslny load. — The strains in 
the web of a braced girder are constant both in amount and Idnd so 
long as the load remains stationary. If, however, the load change 
its position the strain will alter in amount, and perhaps in kind 
also, and it is to meet this latter change in the character of the 
strain that counterbracing is required (140). Now a certain portion 
of the load which everygirder sustains is fixed, and consists of what 
I have elsewhere called the " permanent load," including in this 
term the weight of the whole superstructure, viz., the main girders, 
cross-orders, cross-bradng, platform, rails, sleepers, and ballast. 
This permanent load produces definite strains in the bradng which 
remain constant, both in amount and kind, until a further load 
comes upon the bridge. Let us consider the effect of a moving 
load of uniform density, say a tndn of carriages, traversing a girder 
with horizontal flanges, and we may chiefly confine our attention to 
the strains developed in the bracing at either end of the train as it 
has been shown in (51) and (194), that the maximum strains in the 
bracing from passing loads occur at these points. As the ad- 
vancing train approaches the centre the normal strains in the 
bracing between the centre of the girder and the fix>nt of the train 
are diminished or even reversed by the passing load. In the latter 
case each brace attains its maximum reverse strain as the fix>nt of the 
train passes it, and counterbracing must be provided accordingly. 
During the same period, t.«., while the train advances towards the 
centre, the permanent strains in the second half girder are receiv- 
ing gradual increments of their own kind, but each brace in this 
half does not attain its state of maximum strain until the train has 
crossed the centre, and is so flu* advanced that its front is passing 
that particular brace, after which the strain again diminishes till the 
other end of the train is passing, when the strain is either at its 
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minimiinfi, or, if altered, attwis its maximum of the reverse kind 
to that produced by the permanent load, in which case therefore 
the brace requires counterbracing. 

459. PaiMiiiir loads require eeiitre off web to be eoimter- 
bmeed — Ijmrge girders require less eoonterbraeiiiir in pro- 
portion to their sise tlian small girders. — The permanent 

load is usually disposed symmetrically on either side of the centre ; 
consequently the normal strains in the bracing near the centre 
are less in amount than in other parts, and it is in the central 
braces alone that strains of a reverse character are produced 
by a moving load, requiring counterbracing for some distance 
on either side of the centre. It is evident that the heavier 
the permanent load is, the less will be the amount of counter- 
bracing required for a given passing load: It has been already 
shown in (IIO) that the shearing-strain (to which the stn^n in the 

bracing is proportional) at the end of a passing train =z ^^r-, where 

w' = the passing load per linear unit, I =: the length of the girder, 
and n = the length covered by the advancing load. But the 

shearing-strain due to the permanent load = u? [^ — n], where w 
= the permanent load per linear unit and n and I as before, n being 
supposed less than -. Now, if n be proportional to I'm girders of 

different lengths, the shearing-strain from the passing load will 
vary as w'l^ and that from the permanent load as wl\ and since 
MO increases in large girders as some high power of the length, 
while w' may be considered constant for girders of all sizes, the 
shearing^strain due to the permanent load will bear a considerably 
greater ratio to that from the passing load in long than in short 
girders. Consequently the proportion which the counterbracing 
bears to the whole amount of material diminishes rapidly with the 
span of the girder. The counterbracing terminates where the two 
shearing forces are equal, and the point where this occurs may be 
determined by equating them to each other, and solving the result- 
ing equation for n as follows: — 
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Airanging according to powers of n, 

«/n» + 2toZn — wP = 
solying for n, 

, — w "^ V't^* -I- toto^ 
n = « , 

If, for example, tv = ti;', 

n = /(— 1±V2) = -414/ 

4M. Tdtleal aad dtafOBal brMtoff. — Grirders with vertical 
and diagonal bracing, sach ae that investigated in Chapter VII., 
may be connterbraced either by making the bradng near the centre 
capable of acting both as struts and ties, or by adding a second 
system of diagonals crossing the first. If this counterbracing be 
carried throughout the whole length of the girder (as in cross 
bracing), it is possible by tightening it up to produce an initial 
strain in the bracing proper, in which case the effect of a load will 
be to diminish the strain in the counterbracing, which, however, 
will relapse into its former state of strain as soon as the load is 
removed. 

454. Iiarye bowstrlB^ girders reqvire little cuonter- 
liraciBir* — I cannot close these observations on counterbracing 
without drawing attention to one important merit which bow- 
string girders possess. When the load is uniformly distributed the 
strains in the bradng are tensile, for then the lower flange and load 
are merely suspended from the bow which differs but slightly from 
the curve of equal horizontal thrust and therefore requires but little 
bradng to keep it in form. Hence compression strains are produced 
in the bradng only under the influence of passing loads ; and in 
large girders, where the permanent load of string and roadway 
is great compared with the passing load, it may happen that the 
compressive strains produced by the latter do not exceed the 
tensile strains which the bracing sustains in its normal state. If, 
for instance, the permanent load of the lower flange and roadway 
in the example worked out in (919) were twice as heavy as the 
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passing load, the strains in all the diagonals would be tensile 
under all circumstances; even if the permanent load were only 
one and a half times the passing load, diagonal 6 alone would 
sustain slight compression. In this case the ^fficulty of providing 
against flexure in long compression bars does not arise, and the 
only part of the structure subject to compression is the bow, 
which from its large sectional area can be constructed of a form 
suited to resbt buckling or flexure. 
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CHAPTER XXIII. 


DEFLECTION AND CAMBEB. 


455. DefleetloB eurve of girders with horisontal flaages 
off anifbrm strenffth is eirealar. — It has been already shown in 
Chap. IX. that the deflection curve of girders with horizontal 
flanges of uniform strength, that is, girders whose flanges vary in 
sectional area so that they are subject to the same unit-strain 
throughout the whole length of each flange respectively, is (urcular 
and easily calculated by a simple formula (eq. 130). When, how- 
ever, the flanges are of uniform section throughout their whole 
length, and their strength therefore excessive near the ends, 
the deflection will be somewhat less, and may be calculated 
by the method explained in the 226th and following articles. 
When the strength of a girder is not uniform there is of course 
a certain waste of material, which, however, cannot always be 
avoided, although some methods of construction — ^the cellular 
flanges of tubular bridges for instance — are more liable to this 
objection than others. 

456. DeHectiOB aa iacorrcet mcasare off streiigtli. — Since 
the deflection depends not only on the unit-strains in the flanges, 
but also on the length and depth of girder, the co-efficient of 
elasticity of the material, and to some extent tiie mode of con- 
struction, the popular rule by which the strength is estimated 
from the deflection alone, though possessing the merit of simplicity, 
is extremely vague and liable to lead to fidse conclusions unless 
when comparing girders of the same length, depth, and material. 

4n. Caailier omaaieiital ratiier tiiaa luieAil — ^Perataaeat 
0et after ^oastractioa. — As the amount of deflection is always 
in practice very small compared with the length of a girder, no 
appreciable diminution of strength is produced merely by the 
change from a horizontal line to the deflection curve, fop^eflection, 
unless so excessive as to change the vertical reaction of the abutments. 
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into an oblique one, is the result, not the cause, of increased 
strain. A downward curve, or even a truly horizontal line, is, 
however, less pleasing to the eye than a slight camber; hence it 
is desirable to give an initial camber somewhat in excess of the 
calculated deflection, so that when the girder is loaded no per- 
ceptible sag may suggest the idea of weakness, even though 
imaginary. It should also be borne in mind that the various parts 
of a built girder are put together free from strain, and are fre^ 
quently a little out of line; consequently when a large girder first 
supports its own weight, and again, but in a less degree, when it 
is tested with a heavy load for the first time, there is a certain 
slight motion from the closing up or stretching out of the various 
parts accommodating themselves to their new state. A permanent 
set is the result, which, however, is not necessarily indicative of 
weakness, provided it is not increased by subsequent loads which 
should only produce a temporary deflection. This congenital set 
sometimes doubles the calculated deflection. 

458. Mjob4» Ib mpld motlaii prodaee greater defleetfOB 
than stationary or slow loads — EteMm perecptlMe In large 
tliaa small brldfeii — Defloetloa liicreascl by road betaiir 
oot of order. — The Commissioners appointed to inquire into 
the application of iron to railway structures " carried on a series 
of experiments to compare the mechanical effect produced by 
weights passing with more or less velocity over bridges, with their 
effect when placed at rest upon them. For this purpose, amongst 
other methods, an apparatus vras cbnstructed, by means of which 
a car loaded at pleasure with various weights was allowed to run 
down an inclined plane, the iron bars which were the subject of the 
experiment were fixed horizontally at the bottom of the plane, in 
such a manner that tiie loaded car would pass over them with the 
velocity acquired in its descent. Thus the effects of giving different 
velocities to the loaded car, in depressing or fracturing the bars, 
could be observed and compared with the effects of the same loads 
placed at rest upon the bar. This apparatus was on a sufficiently 
large scale to give a practical value to the results ; the upper end of 
the inclined plane was nearly 40 feet above the horizontal portion, and 

2 A 
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a pair of rails, 3 feet aaunder, were laid along its whole length for the 
guidance of the car, which was capable of being loaded to about 2 
tons ; the trial bars, 9 feet in length, were laid in continuation of 
this railway at the horizontal part, and the inclined and horizontal 
portions of the rsdlway were connected by a gentle curve. Con- 
trivances were adapted to the trial bars, by means of which the 
deflections produced by the passage of the loaded car were 
registered; the velocity given to the car was also measured, but 
that velocity was, of course, limited by the height of the plane, 
and the greatest that could be obtained was 43 feet per second, or 
about 30 miles an hour. A great number of experiments were 
tried with this apparatus, for the purpose of comparing the effects 
of different loads and velocities upon bars of various dimensions, 
and the general result obtained was that the deflection produced 
by a load passing along the bar was greater than that which was 
produced by placing the same load at rest upon the middle of the 
bar, and that this deflection was increased when the veloeify was 
increased. Thus, for example, when the carriage loaded to 
1,120 lbs. was placed at rest upon a pair of cast-iron bars, 9 feet 
long, 4 inches broad, and 1^ inch deep, it produced a deflection 
of -^ths of an inch ; but when the carriage was caused to pass 
over the bars at the rate of 10 miles an hour, the deflection 
was increased to -^ths, and went on increasing as the velodty 
was increased, so that at 30 miles per hour the deflection became 
1^ inch; that is, more than double the statical deflection. Since 
the velocity so greatly increases the effect of a given load in 
deflecting the bars, it follows that a much less load will break the 
bar when it passes over it than when it is placed at rest upon it, 
and accordingly, in the example above selected, a weight of 
4,150 lbs. is required to break the bars if applied at rest upon 
their centres; but a weight of 1,778 lbs. is sufficient to produce 
fracture if passed over them at the rate of 30 miles an hour. It 
also appeared that when motion was given to the load, the points 
of greatest deflection, and, still more, of the greatest strains, did 
not remain in the centre of the. bars, but were removed nearer to 
the remote extremity of the bar. The bare, when broken by a 
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traVeUing load, were always fractured at points beyond their 
centres, and often broken into four or five ^pieces, thus indicating 
the great and unusual strains they had been subjected to.*'* These 
experiments show that a load in rapid motion causes greater 
deflection than the same load at rest or moving but slowly, 
espedally when the moving load is very large compared with the 
dead weight of the girder. The increase, however, is generally 
slight in raUway practice, and the greater the weight of the structure 
is to that of the passing tnun the less will be the increment of 
deflection due to rapid motion. The difference of deflection caused 
by a locomotive crossing the central span of the Boyne Viaduct, 
264 feet in the clear between supports, at a very slow speed and 
at 50 miles an hour was scarcely perceptible, and did not exceed 
the width of a very flne pencil stroke, but the increase of deflection 
is more marked in bridges of small span, as appears from the 
following experiments made on the Godstone Bridge, South 
Eastern Bailway, by the Commissioners appointed to inquire into 
the application of iron to railway structures-f The Godstone is a 
cast-iron girder bridge, 30 feet in span, with two lines of railway. 

Tons. 

Weight of two girders, - - * •15 

Wdght of platform between these ^rders, - - 10 

Weight of half the bridge, i.^., permanent load, 25 


Weight of engine. 
Weight of tender, 

Moving load, 


21 

12 

33 


Velocity in feet per second. 


0, 

22 = 15 nuIeB per hour, • 
40 = 27-8 do. do. - 
73 = 49-8 do. . do. - 

•19 
•28 
•22 
•26 


* Repcrty p. xi. 


t Report^ App,, p. 250. 
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Similar reeults were obtained from the Ewell Bridge, upon the 
Croydon and Epsom Line. The span of the Ewell Bridge ifl 
48 feet, the permanent weight of one-half is 30 tons, and the 
statical deflection due to an engine and tender, weighing 39 tons, 
was rather more than one-fifth of an inch. '* This was slightly 
but deddedly increased when the engine was made to pass over 
the bridge, and at a velocity of about 50 miles per hour an 
increase of one-seventh was observed. As it is known that the 
strain upon a girder is nearly proportional to the deflection, it 
must be inferred that in this case the velocity of the load enabled 
it to exercise the same pressure as if it had been increased by one- 
seventh, and placed at rest upon the centre of the bridge. The 
weight of the engine and tender was 39 tons, and the velocity 
enabled it to exercise a pressure upon the girder equal to a weight 
of about 45 tons."* 

The fact of slightly increased deflection from rapidly moving loads 
is also confirmed by Mr. Hawkshaw^s^xperiments with an engine 
and tender run at a speed of about 25 miles an hour over five com- 
pound iron girder bridges on the Wakefield and Goole Railway. 
These girders varied in span from 55 feet 7 inches to 88 feet 6 
inches, and were therefore less affected by rapid loads than the smaller 
bridges just described. Mr. Hawkshaw inferred that ^' where the 
road is in good order the deflection is not much increased by 
speed, but that where the road is out of order, then there is an 
increase of deflection.*" For instance, the road immediately leading 
on to one of the bridges in question *' was considerably depressed 
in level, so that in running the train over the bridge at speed the 
whole weight of the train had to be suddenly lifted, and this of 
course had to be sustained by the girders as well as the ordinary 
weight of the train." t 

The conclusions of the Commissioners, as given at p. xviii. of 
their report, is as follows : — ** That as it has appeared that the effect 
of velocity communicated to a load is to increase the deflection 
that it would produce if set at rest upon the bridge; also that 

• lUport, p. xiv. t RepoH, App,, p. 412. 
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the dynamical increase in bridges of less than 40 feet in length is 
of sufficient importance to demand attention, and may even for 
lengths of 20 feet become more than one-half of the statical 
deflection at high velocities, but can be diminished by increasing 
the stiffness of the bridge ; it is advisable that, for short bridges 
especially, the increased deflection should be calculated from the 
greatest load and highest velocity to ivhich the bridge may be 
liable ; and that a weight which would statically produce the 
same deflection should, in estimating the strength of the structure, 
be considered as the greatest load to which the bridge is subject." 

4II9. Ellbct of eentriftaiTAi tbree. — Centrifugal force produces 
a very slight but appreciable increase of pressure when the load 
passes rapidly across girders which, though ordinarily level, become 
deflected by the load, and still more so if they happen to have 
been built originally hollow in place of being cambeted. The 
increased pressure due to this cause is expressed by the following 
well known equation : — « 

P = ^ (228) 

Where P = the pressure due to centrifugal force, 
W = the load, 
V = the velocity in feet per second, 
g = the acceleration due to gravity = 32 feet per second, 
B = the radius of curvature in feet. 

Ex. I. A girder bridge 200 feet in span ia deflected '25 foot below the borizontal line 
by a certain load, W, at rest ; what is the increased pressure dne to centrifugal force 
if W traverses the bridge at the rate of 60 miles an hour f 

Herev= ^^^^^^^ =: 88 feet per second. 
60X60 

R= ^^^^^^ =20,000feet 
•6 

Answer, P = ^^^><^ = -0121 W. 
32X20,000 

£x. 2. If the span were only 100 feet, and the deflection and velocity as before, wc 

would have, 

W 

AMwei\ P = -0484"^ = — nearly. 
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400. Practical meaods of prtklndnir camlicr aad measar- 
lay deflection. — The deflection of a ,girder supported at both 
ends is the result of the lower flange being extended while the 
upper one is shortened. Camber may be produced by the reverse 
of this, that is, by making the bays of the upper flange slightly 
longer than those of the lower one when the girder is in process 
of construction (994). 

When small girders are under proof their deflection may be 
conveniently measured by means of a fine wire fastened to one 
end of the girder and passing over a pulley attached to the other 
end, where a small weight will keep it in a state of constant 
tension. The deflections should be read on a scale attached to 
the girder itself; when measured firom an object fixed outside the 
girder they cannot be depended on, owing to the supports on 
which the» ends of the girder rest being liable to compression or 
sinking under the wdght of the testing load. 

When great accuracy is not requir%i the deflection of a girder 
bridge from passing loads may be measured by means of two 
wooden rods, the lower end of one of which rests on the ground 
while the upper end of the second rod is pressed against the 
soffit of the girder, so that they overlap each other midway; a 
pencil line is then ruled across both rods, and when the upper one 
is depressed by a passing load its line will descend slightly, the 
distance between the two lines giving the deflection of the girder. 
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CHAPTER XXIV. 


DEPTH OF QIBDER8. 

461. Depth off fflrilers Faiies generally ftmm one-elshth 
to one-dlxteeMth off tlie span — ^Depth detenalned liy praetleal 
eoiMlderatlons. — The depth of large girders, with the exception 
of roof prindpals, seldom exceed ^th or is less than -^^th of the 
span. For many years the common rule for cast-iron girders vras 
to make the depth ^th of the span, and this established a pre- 
cedent for wrought-iron girders, but modem practice has with great 
advantage increased the ratio, so that -^ and -^ are now common 
proportions for braced girders. As the leverage of the flanges is 
directly as the depth while the quantity of material in the web is 
theoretically independent of it (18), it might be inferred that the 
deeper the girder the greater the economy. The practical limit, 
however, is defined by the extra material required to stiffen long 
compression bars or thin deep plate webs, nor should we overlook 
the necessity of having sufficient thickness in the latter for 
durability, and sufficient material in the compression flange to keep 
it from flexure or buckling. 

469. Eeonomleal proportion off web to flange. — When a 
given quantity of material is to be distributed in the most ad- 
vantageous manner, the thinner the web and the more the 
material is concentrated in the flanges, the stronger will the girder 
be, provided the web retains sufficient material for transmitting 
the shearing-strain ; but when, as is frequently the case in small 
girde'rs, the girder derives a considerable portion of its strength 
from the web acting as an independent rectangular girder, its thick- 
ness being determined from practical considerations (484), there 
is a certain depth, depending on the thickness of the web and the 
relation between the flanges, which will produce a girder of 
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maximum strength.* If the flanges be equal in area this depth 
may be formed as follows. 

Let I = the length of the girder, 

b =r the thickness of the web as determined by practical con- 
siderations, 
d = the depth of the girder, 
a = the area of either flange, 
a' z=: bd =: the area of the web, 

A = 2a+a' = the total sectional area, which is a given 
quantity. 

From equation (70) we have for the weight which an equal- 
flanged semi-girder fixed at one end and loaded at the other will 
support, 

in which / is the unit-strain in either flange. W is maximum 
when d (a+^j is maximum, and in order to find what value of 

d will produce this result we must substitute for a and a' their 
values in terms of d and the constant A, and then equate the 

difierential coefficient of d (a+^j to cipher. Substituting, we 
have 


^=/(^-i-') 


Equating the difierential coefficient of the term within the bracket 
to cipher, we have 

- - ? 6d = 
2 3 

whence W = | A (229) 

The depth therefore should be such that the web may contun fths 
of the whole amount of material. 

* The tbickness of the web of casi-iron girders, soch as those used for bridges, 
generaDy varies from 1 to 24 inches. The thickness of boiler plate webs for railway 
or public bridges should not be less than } inch (433). 
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CHAPTER XXV. 


CONNEXIONS. 


46S. Api^laiices ft»r connecilnv iron-work — 8trrai:ih off 
Jolnto 0hoal4 equal that off amolnlny i^arto — Screws. — One 

general rule applies to all structures, namely, that the strength of 
the whole is limited by that of its weakest part, and accordingly 
the strength of joints should not be less than that of the parts 
which they connect. The usual appliances for connecting iron- 
work may be divided into four classes. 

1. Screws. 3. Gibs and cotters. 

2. Bolts or pins. 4. Kivets. 

The strain to which the above mentioned coimecters are 
subject is generally a shearing-strain, and as the strength of iron 
to resist shearing is practically equal to its tensile strength (S94), 
the strength of an iron rivet, bolt, cotter, or screw, is measured by 
the product of the area subject to shearing multiplied by the 
tearing unit-stnun of the iron. The thread of a screw subject to 
longitudinal tension may be '^ stripped^' or shorn off by the nut; 
in the case of V threaded screws the shearing area is measured 
by the circumference of the bottom of the thread multiplied by 
the length grasped by the nut; in the case of square threads the 

shearing area is one-half of this. 

464. Bolto or 1^0 — ^ProportloiM off eye and pin la ehalaa 
Ibnaed off flat links npsetMafp — Sir C. Fox's candnsions. — 

The bolt or pin is the simplest appliance for connecting together 
two pieces of iron, and, as the principal considerations connected 
with a bolt joint also apply to other and more complex forms, 
I shall devote a short space to its investigation. Take, for example, 
the joint of a suspension bridge, the chains of which are formed of 
long flat links connected by pins passing through their ends. Such 
a joint may ikil in five ways. 
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1. By the link tearing through the eye at cd for want of 
Buffi<nent material to withstand the longitudinal tensile Btnun. 
Hence the sectional area at cd should theoretically equal that of 
the link at ab ; in practice it may be somewhat stronger, as the 
strtun is less direct round the eye than in the body of the link. 

2. By the end of the link being split along one or two lines 
such as ffh and ik for want of su£Bcient section to resist the shearing 
action of the pin. Hence the combined sections at gh and tit 
should theoretically equal that of the link at a£, but in practice 
be somewhat greater, aa this part of the eye acts as a short girder 
whose abutments are ce aaifd; this causes the drcamference from 
e to c2 to be iQ severe tendon, and therefore very liable to tear. 

3. By the pin being shorn across. This arises &om its diameter 
being too small. Hence, if the pin be iron and in doable shear, 
its area should not be less than one-half that of the link at ab. 

i. By the pin bending. This also arises from its diameter being 
too small to afford requisite stifihess ; the tendency may be diminished 
by the links being kept from spreading asunder by a head and nut 
on the pin, at the loss, however, of freedom of motion. 

5. By the crown of the eye being upset between g and i. This 
arises from the bearing surface of the pin being too small in pro- 
portion to the longitudinal stnun, in which case there is an ex- 
cessive pressure on each superfcial unit at the crown of the eye 
whereby the material there Is upset, and the sides of the eye at 
« and / become first unduly attenuated and then torn, the rent 
extending from the indde towards the <arcumference. Sir C. Fox 
has drawn attention to this latter source of fulure in a valuable 
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communication to the Bojal Society,* in which the following 
remarks occur: — ^* K the pin be too small, the first result on 
the application of a heavy pull on the chain will be to alter 
the position of the hole through which it passes, and also to 
change it firom a circular to a pear-shaped form, in which 
operation the portions of the metal in the bearing upon the pin 
becomes thickened in the effort to increase its bearing sur&ce 
to the extent required. But while this is going on, the metal 
round the other portions of the hole will be thinned by being 
stretched, until at last, unable to bear the undue stnuns thus 
brought to bear upon it, its thin edge begms to tear, and will, 
by the continuance of the same strun, imdoubtedly go on to do 
so until the head of the link be broken through, no matter how 
large the head may be; for it has been proved by experiment that 
by increasing the size of the head, without adding to its thickness 
(which, from the additional room it would occupy in the width of 
the bridge, is quite inadmissible), no additional strength is obtained. 
The practical result arrived at b^ the many experiments made 
on this very interesting subject is simply that, with a view to 
obtaining the full efficiency of a link, the area of its eemi-etflindrical 
eurfaee hearing on the pin must be a little more than equal to the 
smallest transverse sectional area of its body ; and as this cannot, 
for the reasons stated, be obtained by increased thickness of the 
head, it can only be secured by giving a sufficient diameter to the 
pins. That as the rule for arriving at the proper size of pin pro- 
portionate to the body of a link may be as simple and easy to 
remember as possible, and bearing in mind that from circumstances 
connected with its manufacture the iron in the head of a link is- 
perhaps never quite so well able to bear strain as that in the body, 
I think it dedrable to have the size of the hole a littie in excess, 
and accordingly for a IC link I would make the pin 6f '^ in 
diameter, instead of 6^ , that dimension being exactiy f rds of the 
width of the body, which proportion may be taken to apply to 
every case (where the body and heads are of uniform thickness). 

* " On the Size of Pins for oonnecti^ng FUt Links in the Chains of Sttspendon 
Bridges." Proe. Rop, 8oe., Vol. xiv., No. 78, p. 189. 
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As the stnuD upon the iron in the bends of a link is leea direct 
than in its body, I think it right to have the sum of tbe widths of 
the iron on the two aides of the hole 10 per cent, greater than that 
of the body itself. Ab the pins, if solid, would be of a much 
larger eection than is necessary to resist tbe effect of shearing, there 
would accrue some convenience, and a considerable saving in weight 
would be effected, by having them made hollow and of steel." 

46A. RlTCta In alntle and doable shear — Rales Iter rlrellny 
tcnsloA and compresalon Joints — Hod^Unsoa's eondaslaas 
respeetiay strenstb of ordlaary rivctlas. — The strength of a 
riveted joint, so far as the rivets are concerned, is proportional to 
the number of shears to which they are subject, a rivet in double 
shear, Fig. 100, b^g twice as strong as a rivet in single shear, 
Fig. 101 ; BO that to make tbe joints of equal strength, the single 
shear joint must have twice as many rivets aa the otlier. 

Pig. 100. 
Doable SbMr. 


When a joint conneetB temion plates the aggTegate shearing area 
of the rivets on each tide of the joint line, multiplied by the lafe 
shearing unit-ttrain of the rivets, should equal the total viorking 
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strain transmitted through the plates. It thus happens in iron- 
work that the shearing area of the. rivets at a tension joint is 
nearly equal to the effective plate area, i.e.y the net area of the 
plates after deducting rivet holes. In steel-work the rivet area 
should be one-third greater (994, 895). When a joint connects 
compression plates whose ends do not butt closely against each 
other, the thrust is transmitted through the covers and tends to 
shear the rivets across exactly in the same manner as when a 
tensile stndn is transmitted, and the foregoing rule applies here 
also. If, however, the compression plates have their ends planed 
square, and then brought very carefully into close contact 
so as to form a ''jump'* joint, a short cover and one, or at 
most two transverse rows of rivets on each side of the joint 
line will suffice, as the use of the cover in this case is merely to 
keep the joint in line but not to transmit the thrust. A jump 
compression joint is erroneously supposed to be stronger than one 
in which the plates are slightly apart with the covers and rivets 
duly proportioned as for a* tension joint, and engineers who do not 
make out their own specifications and designs are sometimes over- 
exacting in this respect, expecting water-tight joints when the 
contractor gets only 168. or ITs. per cwt. for the girder. My own 
impression is that a real jump joint, with plates butting along 
their whole width, is rare, as the process of riveting often draws 
the plates slightly apart, and an interval of a himdredth of an 
inch is nearly as bad its a quarter inch. A little caulking of 
the edges, however, makes all smooth to the eye, and the so-called 
"jump '* joint passes muster. 

With respect to the ordinary method of riveting in transverse 
rows, each row containing the same number of rivets, Mr. 
Hodgkinson deduced from his experiments that '' the strength of 
plates however riveted together with one row of rivets, is reduced 
to about one-half the tensile strength of the plates themselves ; and 
if the rivets be somewhat increased in number, and disposed 
alternately in two rows, the strength is increased from one-half 
to two-thirds or three-fourths at the utmost." * 

* Commiuionen' Report^ App. p. 116. 
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466. €3oTer» — ^Plieli of rivets. — The strength of the covers of 
tension joints^ and compression joints where the plates do not butt 
closely y shotdd eqvdl that of the plates ; hence a single cover should 
resemble a short length of the plate and be twice as thick as 
each half of a double cover. 

As the quantity of material required for covers forms a very 
considerable per centage of the plates (12 per cent, and upwards, 
depending on the length of the plates), it is of great importance 
that the joints be as few as possible and arranged in the very- 
best manner. This is more espedally the case in large girders, 
where every ton of useless weight requires perhaps several tons in 
the main girders for its support, as will be shown in a succeeding 
chapter. For this reason large plates, with few joints, though 
they may cost extra per ton, will often make a cheaper girder 
than plates of ordinary sizes vrith more numerous joints. In 
the usual method of riveting, two or three transverse rows 
of rivets are placed on each side of the joint line, each row 
containing the same number of rivets, and the effective area of the 
plate, if in tension, is reduced by the aggregate section of the 
rivet holes in any one row. Hence it would appear that the fewer 
rivet holes there are in each transverse row the less is the plate 
weakened and the more is its material economized. But this again 
requires several successive rows of rivets in order to provide suffi- 
dent rivet area, thus introducing the necessity of long covers which 
may more than counterbalance the saving in the plates. The size of 
the plates therefore will determine to some extent the economical 
length of the covers as well as the transverse pitch of the rivets.* 

469. Hlnsle and double eoTeni compared — ^I^apjolni. — 
The few experiments described in (898) seem to indicate that rivets 
in single shear do not withstand so great a unit-strain as rivets in 
double shear ; this, however, requires confirmation, and good ezperi^ 
mentson the strength of various forms of rivet joints are much wanted. 
From those recorded by Mr. Fairbaim in the appendix to the first 
series of '^ Useful Information for Engineers,'' it appears that as far as 
the plates are concerned a lap or single-cover joint with only one 

* The " Pitch " is the distance measared firom centre to centre of rivets. 
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transverse row of rivets in the lap is considerably weaker (in the 
experiments about 25 per cent, weaker) than a double-cover 
joint of the same theoretic strength, t.^., with the same net area of 
plates taken across the rivet holes. This arises from the dis- 
tortion of the single-cover or lap joint which, yielding in its effort 
to assume a straight line between the points of traction, bends the 
plates slightly, and makes them liable to tear across the line of 
rivet holes. When, however, a lap or a single-cover joint had two 
or more transverse rows of rivets in the lap its strength was not 
less than that of a double-cover joint of equal plate area. If 
the plates are kept in a straight line by being riveted to an 
angle iron or web, like the flange plates of a girder, it is still more 
likely that the strength of a single-cover joint will be fully equal to 
that of a double-cover joint of the same theoretic strength, but 
whenever convenient, the double-cover should be adopted from 
economical motives, as it gives double shear to the rivets, and 
need therefore be only half as long as a single cover with the 
same rivet area. The common lap-joint, represented above in 
Fig. 101, is, however, an exception to this, as the lap need be 
no longer than half the single cover. 

46§. Piled plates more eeoMomleal than eelUi — Comprea- 
slon Joints of piles reqnire no eoTers If the plates are well 
hutted — Cast-sine Joints. — I have already advocated the piling 
of plates over each other in preference to closed cells formed of 
single plates when a large flange area is required, and I have shown 
that long rivets form no practical objection to the former arrange- 
ment (498j 4M). Besides other merits the pile requires less 
material in covers. When several plates are riveted together with 
their joints arranged in steps, the length of the covers equals the 
lap of one plate multiplied by the number of plates + 1. Thus, 
in Fig. 102, the pile consists of three plates and the length of each 
cover equals four laps. 

Fig. 102. 
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K, however, the plates be single, forming the sides of a cell, 
there will be as many separate joints as there are plates, so that 
the aggregate length of covers will equal the tame lap as before 
multiplied by twice the number of plates; in this example the 
number would be six. A considerable saving therefore is effected 
by forming the joints in the manner described. If a pile of several 
plates be in compression and closely fitted, so as to butt against 
each other, no covers will be required, and great economy will 
result in very large girders, so much so as amply to repay the 
extra expense of planing the ends of the plates and bringing 
them carefully into close contact. To ensure this, however, 
requires considerable attention, for the riveting process has, as 
already observed, a tendency to open the joints slightly, but cast- 
zinc, which is a very hard substance, may be usefully employed 
for running into the compression joints of wrought as well as cast- 
iron, provided they are sufficiently open to let the molten metal 
flow freely. The joints of the cast-iron voussoirs of the Bridge of 
Austerlitz in Paris, finished in 1806, were thus formed,* and in 
my own practice I have used cast-zinc for filling up the irregular 
intervals between the ends of the arched ribs of a cast-iron bridge 
of 96 feet span and the wall-plates from which they sprung; in 
this case accurate fitting would have been extremely difficult, if 
not impossible, and a very satisfactory and close joint was made by 
slightly warming the parts with a fire of chips *' to expel the cold 
air,** as the workmen say, before pouring in the molten zinc. It 
probably expels moisture and assists the flovring of the metal into the 
narrower crevices. I have also used cast-zinc very successfully for 
securing crane posts (both cast and wrought-iron) in their foundation 
plates, where it ensures dose contact without the cost of fitting. 
The following description of this method of forming the joints of a 
cast-iron arch of 133 feet span on the Pennsylvania Central Bailroad 
occurs at p. 244 of Haupt on Bridge Construction : — '* The joints 
were separated to the distance of one-fourth of an inch, and filled 
with spelter (cast-zinc) poured into them in a melted state; this 

• Bne, BrU,, 8lh Ed, »rt. ''Iron Bridges," Vol. zti., p. 111. 
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was very convemently done by binding a piece of sheet-iron ai^und 
each joint, and coyering it with day. The material introduced 
bemg nearly as hard as the iron itself, and filling all the inequalities 
of the surface, rendered the connexion perfect." If the space 
between two plates be very narrow, the joint should be placed in 
a vertical position so that gravity may aid the flow of the metal, 
and a little tin added to the zinc will render the latter more fluid. 

469. BewMMleal mrrmafctmtnt at t«irt(ni Jelnte. — The 
following method of riveting reduces the tensile strength of tihe 
ports connected less than that in common use, and possesses the 
merit of being applicable to plates ae well as bars. Its peculiarity 
consists in diminishing the number of rivets in each row as they 
recede from the joiat-Une, and at the same time slightly increasing 
tiie thickness of the cover or covers beyond that of the parts 
connected. Fig. 103 represents thb arrangement applied to a bar 

Elg. 103. 


or narrow plate with double covers. There are eight different ways 
in which the joint may fiul. 1°. By the bar tearing at a, where its 
area is reduced by only one rivet hole. 2". By both covers tearing 
at b, where each is weakened by two rivet boles; this, however, 
is compensated for by their united section being somewhat greater 
than that of the bar. 3°. By the bar tearing at b at the same time 
that the rivet at a is double shorn. 4". By the rivets on one side 
of the joint line double shearing. 5°. By the rivets on the alternate 
half-faces single shearing. 6°. By the rivets on one half-face single 
shearing while the opposite cover tears at b. 7°. By both covers 
tearing at a umoltaneously with the rivets double shearing at b. 
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8°. By both covers tearing at a simultaneously with the bar tearing 
at h. If, for example, the plates are 10 inch X \ inch, connected 
by two -^th inch covers with 1 inch rivet holes, the effective 
section of the plates at a is 4*5 square inches ; ^e double shearing 
area of the rivets at one aide of the joint line equals 47 inches, and 
the area of both covers together at & is 5 indies. Finally, the 
effective section of the plate at h together with the double shearing 
area of the rivet at a equab 5*6 inches. This joint is therefore 
well proportioned, while the effective strength of the {dates is 
really reduced by only one rivet hole, viz., that at a. A siiuilar 
plan of joint b applicable to broad plates, Fig. 104. 
Rg. 104 



K applied to s pile of plates the extra thickness of the covers 
must be auffident to compensate for the reduction in the strength 
of the whole pile by close transv^ne riveting. 

When bars or plates are lap-jointed the arrangement proposed 
by Mr. Barton, and represented in Fig. 105, cannot be excelled. 

Elg. lOB. 


41«. C«BtractloiiorrtTet«Midre»>l(li«tHe<lonorpUtes— 
inUnute atrenvth of riTct-Jolats ■<>« !>«««•«« ky fiieOon.^ 

Rivetfl contract in cooling and draw the plates together with such 

• Proe. Intt. C.E., ToL xiy., p. 460. 
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force that the friction produced between their surfaces is sufficient 
to prevent them from slipping over each other so long as the strain 
lies within limits which are frequently not exceeded in practice. 
When this occurs the rivets are, of course, not subject to shearing 
strain. From experiments mitde during the construction of the 
Britannia Tubular Bridge it appears that the value of this friction 
is rather variable.* In one experiment with a |th inch rivet passing 
through three plates and therefore in double shear it amounted 
to 5*59 tons, in another with a |th inch rivet and two plates lap- 
jointed with -^th inch washers next the rivet heads it reached 4*73 
tons, while in a third experiment with three plates and {th inch 
rivet with ^ inch washers next the rivet heads, making the shank 
of the rivet 2| inch long, the middle plate supported 7*94 tons 
before it slipped. In these experiments the hole in one or both 
plates was made oval and the sliding took place abruptly. Though 
the friction of riveted plates may be sufficient to convey the 
working-strain without subjecting the rivets to shearing, it does 
not follow, nor do experiments indicate, that the tdtinuite strength 
of a rivet joint is increased by this friction. 

4V1. INineiisfoiM of liTeto — Iitforlovs eHbet of pvnchlniir 
holcfl — ^Boileivmakers' and Shipbuilders' mlei — Chain rivet- 

liiff. — Joints may fail by each rivet splitting or shearing out the 
piece of plate in front of itself. Consequently the minimum 
theoretic distance of the rivets from the edge of an iron plate or 
from each other lengthways should be determined by the con- 
sideration that the shearing section of the plate (along two lines) 
between each rivet and the one behind it, or between each rivet in 
the first row and the edge of the plate, be not less than that of the 
rivet. If, for example, the rivets in Fig. 103 be | inch and the plates 
\ inch thick, the shearing area of each rivet (in double shear) equals 
1 square inch nearly ,t and the distance of the edge of the rivet 
holes from the joint line should theoretically not be less than ^ an 
inch. Practically, however, this is insufficient, for punching tends 

♦ Clark, p. 898. 

t RWet holes are generaUj from j^nd to ^th inch larger than the nominal sixe 
of the riret, in order to let the latter pass freely through when red hot. Hence the 
area of a | inch rivet, after riToting, is nearly half a square inch. 
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to burst the edges of the holes If placed so close to each other or 

to the edge of the plate, especially if the plate be thick or of brittle 

quality, and in boilers the distance between the holes and the 

edge of the plate is usually about once the diameter of the rivet. 

If the distance exceed this it is diiSbult to make, the seam st^am- 

tight by caulking. In girder-work, which does not require caulldng 

like a boiler, this distance is seldom less than 1-^ times the diameter 

of the rivet, and the pitch may vary from 2^ to 5 or even 7 indies. 

The rivet holes in first-class work are now frequently bored out with 

drilling machines, so as to avoid the weakening effect of punching 

on the plates. The great majority of girder-work, however, will 

probably always be done by the punch, as it would not pay to 

have the holes drilled unless in large girders where there are 

frequent repetitions of the same pattern (495). 

The following table, taken from Latham an WroughMran BrxdgeBy 

shows the usual practice in riveting boilers. It is nearly identical 

with Mr. Fairbaim's table. 

TABLE I. — DimHBiovs or Rivbtb roB Bomras. 


ThtdniMB 
of 

Plate. 

DUmeter 

of 

VML 

Lsngthof 
from Held. 

Central 

Dtotaneaof 

Rirsts 

(Ftteh). 

lap In 
aagle 
JotnliL 

I^pln 
Doable 

Eqnlralent 

LengUiof 

Head. 

Inob. 

Inch. 

Inch. 

Inch. 

Indi. 

Inch. 

Inch. 

lV=19 

1 = 88 

i 

Ii 

Ii 

2A 


i = -25 

} = -60 

n 

U 

14 

2i 


A = -81 

i =« '68 

ii 

1| 

1| 

Si 


|=:-88 

1 = -75 

• ii 

1* 

s 

81 


(»*50 

«= -81 

2J 

8 

21 

8| 


iV = -56 

i = -88 

2* 

Si 

21 

i\ 


|r=*68 

«= 'U 

-2i 

2i 

2} 

41 


«= 69 

1 = 100 

8 

2} 

8 

5 


J =75 

IJ =118 

«i 

S 

8i 

Si 



Kon. — ^If the xivetB hftTe cup heftda like those in Fig. 108, as is nsual in girder- 
work, the eqniTalent length of head must be about one-half more than the amomit 
given in the last column. Tlie pitch in girder-work is generally one and a-half times 
or twice that in column 4. 
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The boiler-maker's rule, though not constant for all thickness 
of plate, is nearly as follows: — The diameter of the rivet = twice 
the thickness of thp plate. The pitch = 2^ to 3 diameters of the 
rivets The lap for single joints = 3 diameters, and that for double 
joints =: 5 diameters of the rivet. 

Lloyd's rules for the dimensions of rivets in ship-building are as 
follows : — 

TABLE IL — ^DDCnrszoHs or Riyits fob Ships. 


Diameter of BiTetii. 

i 

of an ioch. 

of an inch. 

of an inoh. 

1 

inch. 

EiTttts to be 
i of an inch 
laiger in dia- 
meter in the 
8tem,Btern-po«t 
and keeL 

ThidcDOM of Plates. 

A 

A 

ft 

A 

A 

VI 

« 

« 

ft 

•« 

H 

« 


*' The rivets not to be nearer to the butts or edges of the plating, 
lining pieces to butts, or of any angle iron, than a space not less 
than their own diameter, and not to be farther apart from each 
other than four times their diameter, or nearer than three times 
their diameter, and to be spaced through the frames and outside 
plating, and in reversed angle iron, a distance equal to eight times 
their diameter apart. The overlaps of plating, where double 
riveting is required, not to be less than five and a-half times the 
diameter of the rivets; and where single riveting is admitted, to 
be not less in breadth than three and a quarter times the diameter 
of the rivets." It will be observed that in water joints the pitch 
may be one-third as great again as in steam joints. 

The term ^chain-riveting" has been applied to riveting in 
several transverse rows,, the rivets being placed longitudinally one 
behind the other like the links of a chain. It merely means that 
both the longitudinal and transverse rows of rivets form straight 
lines. 

4m. Adhesion of Iron and copper bolts — Sirenirtb or 
elenehes and forelocks. — The shearing strength of oak treenails 
has been already given in (898). The two following tables are 
also the results of Mr. Parson^'s experiments* ** The firsit of these 

* Murray on Bhijihu.Udingy p. 94. 


364 


CONNEXIONS. 


[chap. XXV. 


tables exhibits the adhesion of iron and copper bolts, driven into 
sound oak, with the usual drift, not denched, and subject to a 
direct tensile strain. By drift is meant the allowance made to 
insure sufficient tightness in a fastening; it is therefore the quantity 
by which the diameter of a fastening exceeds the diameter of the 
hole bored for its reception." 

TABLE III. — Tablb ot thi ADHXsioir ot Ibon aud Coppib Bolts diovbh ivto 
BouiTD Oak with thx usual Dbift, not olknohxd, ash bubjxoixd to a dibiot 

TXNSILB StBATH. 


Dtameter 
of the 
Bolt. 

Number 

of the 

Experiment. 

Iron. 

Copper. 

Length of the Bolt driren into the Wood. 

Four 
Inches. 

Wx 
Inches. 

Four 
Inches. 

Six 
Inches. 

1 

iDchei. 

i 
t 

1 
2 
8 
4 
1 
2 
S 
4 
1 
2 
S 
4 
1 
2 
8 
4 

TOI10. Cwto. 

1 18 

2 
2 2 

1 13 

2 6 
2 4 
2 4 
2 
8 2 
8 4 
8 
2 10 
8 2 
8 
8 1 
8 1 

• 

T0D8. Cwta. 

2 12 
2 11 
2 16 
2 10 
8 12 
4 
4 

4 

5 5 
4 S 

4 • 8 

5 

TonB. Cwte. 
ISi 
18 
19 

18 

1 7 
1 8 
1 10 

1 18 

2 10 

1 17 

2 2 
2 5 
8 
8 6 . 
8 6 
2 9 

T0D8. Cwts. 

2 2 
2 2 
2 . 2 
2 

2 15 
8 10 
8 1 

.2 15 
4 5 

3 18 
8 15 
8 5 


CHAP. XXV.] 


CONNEXIONS. 


365 


TABLE III.~Ta]ile of thb Adubsion of Iron aud Coppxb Boltb dbiybn into 
BOUND Oak with thb usual Drift, not clbnohxd, and subjsotbd to a dibxot 
TBN8ILH BTKAJS.^Continued. 


Diameter 
of the 
Bolt. 


Number 

of the 

Experiment. 


Iron. 


Copper. 


Length of the Bolt driren into the Wood. 


Four 
Inchea. 


Six 
Inches. 


Foar 
Inchee. 


Six 
Inches. 


Inches. 


1 


i 


8 
4 

1 
2 
8 
4 
1 
2 
8 
4 


Tons. Cwts. 


8 
8 
8 
8 
4 
5 
8 
4 
5 
4 
4 
4 


8 
2 

10 

10 

10 

12 

10 

10 



7 

11 




Tons. Cwts. 


6 
6 
5 
6 
6 
5 
6 
6 
7 
8 
6 
7 






2 
10 
11 
4 
2 
1 
5 



Tons. Cwts. 


8 
8 
8 
8 


8 
4 


10 

10 

10 

18 





5 

2 

2 

8 

15 

10 


Tons. Cwts. 


5 
5 
5 


5 
5 
6 
5 


5 
5 
8 

18 

18 

18 

19 

19 

19 



5 




" In Eiga fir the adhesion was, on an average, about one-third 
of that in oak, and in good sound Canada elm it was about three- 
fourths of that in oak. 

'^ The following table exhibits the strength of clenches and of 
forelocks as securities to iron and copper bolts, driven six inches, 
without drift, into sound oak, either clenched or forelocked on 
rings, and subjected to a direct tensile strain. It ^ves the 
diameter of the bolt on which the experiment was made, as well 
as the number of the experiment:— 
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TABLE lY.— Tablb or thi Strength of Clbnchbs and of Fosblocks, as 

BK0DRITIS3 TO I RON AND GOPPBR BOLTS, DOITIN SIX IN0HB8, WITHOUT DRIFT, 

INTO SOUND Oak, eithbr clenched or forblookbd ON Rings, and burjbctbd 

TO A DIRECT TeNSILB StRAIN. 


Diameter 
of tho Bolt 

Number of tbe 
Experiment 

Iron. 

Copper. 

CTench. 

Foreloek. 

Clencta. 

Forelock. 

Inch. 


TonA Cwts. 

Tom. 

Cwto. 

Tons. 

Cwts. 

Tons. Cwts. 

1 

1 

1 16 



16 

1 



8 

i < 

2 
3 

1 13 
1 9 




14 
20 


1 

19 


8 
7 


4 

1 9 



18 

1 



6 


1 

3 

1 

15 

2 

10 

1 4 

1 

2 
3 

3 
2 16 

1 
1 

8 
9 

2 
2 

10 
5 

1 
1 2 


4 

2 15 

1 

14 

2 

9 

1 4 

1 

1 

4 15 

2 

11 

3 

10 

1 18 

1 

4 < 

2 
9 

4 10 
4 5 

2 
2 

15 
10 

8 

4 

15 


1 18 

2 4 

1 

4 

4 12 

2 

12 

4 

10 

1 16 

' 

1 

5 18 

3 

15 

6 



2 13 

i < 

2 
8 

6 8 
6 8 

3 
3 

6 


5 

15 
5 

2 10 
2 16 


4 

6 

3 

7 

5 

10 

2 . 10 

/ 

1 

7 10 

3 

10 




— 

} < 

2 
8 

7 10 

8 

3 
3 

15 
10 



5 

— 


4 

8 15 

3 

15 


8 


/ 

1 

11 11 

5 

1 . 


16 


i 's 

2 
S 

11 15 
8 11 

5 

4 

10 
6 


16 
12 

— -• 


4 

8 6 

4 

15 


5 

I 
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TABLE IV. — ^TaBLV OV THX StBKMOTH of GLINOHBS and of FOBILOCXfly ab 
BBOUBinXB TO IBON AND COFPBB BOLTB, DBIVXN BIX INCHX8, WITHOUT DbIFT, 

INTO BOUND Oak, xithbb olxnohxd ob fobblockxd on Bingb^ and bubjxotxd 
TO A DiBiOT Tbnbilb Stbain. — CimHnfud, 


Diameter 
of the Bolt. 

* 

Nmnber of the 
Experiment 

Iron. 

Copper. 

Qench. 

Forelock. 

Clench. 

Forelock. 

Inch. 

1 

1 
2 
8 
4 

Tons. Cwts. 
12 
12 8 
11 8 
11 1 

ToDA. Cwts. 

5 18 

6 18 
6 12 
6 2 

Tons. Cwts. 
7 1 
7 1 

7 14 

8 14 

Tons. Cwts. 


^* In the experiments on the clenches, the clenches always gave 
way; but with the forelocks it as frequently occurred that the 
forelock was cut off as that the bolt broke ; and in the cases of 
the bolt breaking, it was invariably across the ^forelock hole. 
According to the tables, the security of a forelock is about half 
that of a clench. 

'^ It appears an anomaly that the strength of a clench on copper 
should be equal to that of one on iron. But, in consequence of 
the greater ductility of copper, a better clench is formed on it 
than on iron. Generally the thickness of the fractured clench in 
the copper was double that in the iron. With rings of the usual 
width for the clenches, the wood will break away under the ring, 
and the ring be imbedded for two or more inches before the clench 
will give way. 

'^ With the inch copper-bolts, all the rings under the clenches 
turned up into the shape of the frustum of a cone, and allowed 
the clench to slip through at the weights specified. 

*' Experiments with ring-bolts were made to ascertain the 
strength of the rings in comparison with the clenches. The rings 
were of the usual size, viz. : the iron of the ring one-eighth inch 
less in diameter than that of the bolt. It was found that the 
rings always carried away the clenches, but that they were drawn 
into the form of a link with perfectly straight sides. The rings 
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bore, before any chmige of form took place, not quite one-half 
the weight which tore off the clenches. It appears that the rings 
are well proportioned to the strength of the clenches." 

493. Atlbeftloii of naito and wood-screws. — ''The following 
abstract of Mr. Bevan^s experiments exhibits the relative adhesion 
of nails of yarious kinds, when forced into dry Christiana deal, 
at right anMes to the grain of the wood." * 
TABLE y.-AADHBBioN or Nails or yabious kutdb nr Dbt CHBZsnAVA Dkal. 


1 

Nmnber to ttie 

pofoxkd 

aToirdapois. 

InchM long. 

Inches 

forced into 

the wood. 

Poandfl 

reqolredto 

extract* 

Fine sprigs, 

4,560 

0-44 

00 

22 

Ditto, 

8,200 

0*58 

0-44 

87 

Threepenny brads, 

618 

1-25 

0-50 

58 

Cast-iron nails, - 

880 

1-00 

0-50 

72 

Sixpenny nails, • 

78 

2-50 

100 

187 

Ditto, 

— 

— 

1-50 

827 

Ditto, 


— 

200 

580 

Fiyepenny, 

189 

2-00 

1-50 

820 


" The force required to draw the same sized nail from different 
woods averaged as under : — 

TABLE y I. — RiLATivi Adhesion of saxx Nail in diffxbbnt Woods. 


Kind of wood. 

Weight in lbs. required 

to draw a sixpenny 

n»il, driven in 

one Inch. 


Dry Christiana dea), ..... 

187 lbs. 

Dry oak, -...-.. 

607,, 


Diy elm, •--.... 

827 „ 


Dry beech, -.-.•. 

667 „ 

• 

Green sycamore, .-•••. 

812,, 


Dry Christiana deal, driyen in endways, - 

87,. 


Dry elm, driven in endways, .... 

■ 

257,, 



♦ TredgQld*$ Oarpentri/, p. 189. 
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'^ It was further desirable to asoertain the degree of dependence 
that might be phu^ed on nailing two pieces together, and Mr. Bevan 
kindly undertook to make some trials. Two pieces of Christiana 
deal, seven-eighths of an inch thick, were nailed together with two 
sixpenny nails ; and a longitudinal force in the plane of the joint, and 
consequently at right angles to the direction of the nails, was applied 
to cause the joint to slide; it required a force of 712 lbs., and the 
time was 15 minutes ; the nails curved a little and were then drawn. 

^' Another experiment was made in the same manner with dry 
oak, an inch thick, in which the force required was 1,009 lbs. : the 
sixpenny nails curved, and were drawn by that force. 

'* Dry sound ash, an inch thick, joined in the same manner by 
two sixpenny nails, bore 1,220 lbs. 30 minutes without sennbly 
yielding; but when the stress was increased to 1,420 lbs. the pieces 
separated with an easy and gradual slide; curving and drawing the 
nails as before, one of which broke. 

''The following experiments on the force ilecessary to draw screws 
of iron, commonly called wood screws, out of given depths of wood, 
were made by Mr. Bevan. The screws he used were about two 
inches in length, ^^ diameter at the exterior of the threads, ^^ 
diameter at the bottom, the depth of the worm or thread being 
Y^^^, and the number of threads in one inch = 12. They were 
passed through pieces of wood, exactly half an inch in thickness, 
and drawn out by the weights stated in the following tables : — 
TABLB YII. — BiLATivs Adhwon or Sobews in divfibsht Woods. 


Kind of Wood. 

Weight required to 

draw out screws 

passed throogh half- 

InchtKMxds. 

Dry beech, ...... 

Ditto ditto, 

Dry Koond aah, ...... 

Dry oak, -...-.- 
Dry mahogany, ...... 

Dry elm, - - - * - 

Dry sycamore, .----. 

460 lbs. 

7dO„ 

790 „ 
760,, 
770,, 
665 „ 
830 „ 
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^* The weights were supported about two minutes before the 
screws were extracted. He found the force required to draw 
similar screws out of deal and the softer woods about half the 
above. 

^' The force necessary to cause pieces screwed together to slide 
at the joining, was also determined; the pieces being joined by 
two screws ; the resultant of the force coinciding with the plane of 
the joint, and in line with the places of the screws. 

'* With Christiana deal, seven-eighths of an inch thick, joined 
by two screws one and five-dghths of an inch in length, and five- 
fortieths of an inch in diameter within the worm, a load of 1,009 lbs. 
gradually applied broke both the screws at the line of joint, aftier 
elongating the interior of the hole and sliding about six-tenths. 

" With very dry seasoned oak, 1 inch thick, two screws one and 
five-eighths long, and six-fortieths diameter within the thread, bore 
1,009 lbs. for ten minutes without any signs of yielding: with 
1,137 lbs. both screws broke in two places; each screw about two- 
tenths of an inch within each piece of wood ; the holes were a little 
elongated. 

'* With dry and sound ash, 1 inch thick, with screws 2^ inches 
long, passing one quarter of an inch through one of the pieces, the 
diameter at bottom of the worm seven-fortieths; the load began 
with was 1,224 lbs. ; gradually increased for two hours to 2,661 lbs. ; 
they produced a slow and moderate sliding, not separation, the 
screws being neither drawn nor broken; but probably would, if 
not removed on account of night conning on, and putting an end 
to the experiment." 
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CHAPTER XXVI. 


WORKING STRAIN AND WORKING LOAD. 

494. WariLtaiff strain defined — ^Fatf^ae — ^Rni^lisli rale flii 
workinir strain — ^Faetor M safety. — The working strain is the 
stnun to which any material is subject in actual practice, but the 
term, unless accurately defined, is somewhat ambiguous, as it is 
applied to strains which the material sustains on rare occasions from 
extraordinary loads, as well as to those to which it is liable in 
ordinary every-day use. For instance, a railway girder may sustain 
a constant strain of 3^ tons per square inch from the per- 
manent bridge-load, which rises to 4^ tons when an ordinary 
train passes, but reaches a maximum of 5 tons with a train of the 
greatest possible density, such as locomotives ; or again, the chains 
of a suspension bridge may sustain only 2^ tons per square inch 
from the permanent weight of the structure, while a dense crowd 
of people may raise this to 6 tons per square inch. In such cases 
we have three classes of strains. 1^. The permanent strain due 
to the wdght of the structure itself, and from which the material 
suffers what has been termed fatigue. 2°. The ordinary working 
strain due to ordinary loads. 3^. The maximum working stnun 
due to the greatest load possible in practice, and it is this latter 
which defines the strength of any structure, and which therefore 
we have to consider in this chapter. As might have been 
anticipated, different opinions are held respecting the safe unit- 
strain for each kind of material. English practice generally 
makes the working strain some submultiple of the tearing or 
crushing strength of the material, while General Morin recom- 
mends the working strain to be such that the resulting alteration 
of length shall not exceed one-half that which corresponds to 
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the limit of elasticity.* Neither rule should be adopted to the 
exclusion of the other, but as we know the limit of elasticity of 
but few materials, and as those which are not ductile seem to have 
no yery definite limit at all (400, 41S), the English rule seems 
more generally applicable than that of Greneral Morin and it 
has the sanction of extensive experience in its &your. The term 
factor of safety has been appli^ to tne ratio of the breaking to 
the working strain. If, for instance, the tearing inch-strain of 
plate-iron is 20 tons and the working inch-strain 5 tons, the 
factor of safety will be 4. 

GAST-IBON. 

* 

495.» BIReeis of lang^^ontiBaed pressure on east-Iron pil- 
lars and ters — ^Falrlialm's experiments. — To determine the 
effect of long-continued pressure upon cast-iron, Mr. Fairbaim 
had four pillars cast of Low-Moor iron ; the length of each was 
6 feet, and the diameter 1 inch, and they were rounded at the 
ends. The first was loaded with 4 cwt., the second with 7 cwt., 
the third with 10 cwt., and the fourth with 13 cwt. These 
weights are respectively 30, 52, 75, and 97 per cent, of the 
weight which had previously broken another pillar of the same 
dimensions when the weight was carefully laid on without loss 
of time. The pillar loaded witii 13 cwt. bore the wdght between 
five and six months, and then broke; that loaded with 10 cwt. 
was increasing slightiy in flexure at the end of three years; 
when first taken its deflexion Was '230 inch, and after each 
succeeding year it was *380, '380, and 409. The other pillars, 
though a littie bent, did not alter. In these experiments we see 
that a cast-iron pillar bore a steady load of one-half its breaking 
weight for three years without alteration, while the deflection of 
another pillar with three-fourths of its breaking weight was in- 
creasing slightly at the end of the same period.f 

To ascertain how far cast-iron bars might be trusted with 
permanent loads, Mr. Fairbaim made the following experiments 

* lUwtance da Materiaux, p. 45. 

t ExperimmUal Heaearehea by E. HodgkinBon, p. 351. 
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also - — '^ He took bare, both of cold and hot blast iron (Coed Talon, 
No. 2), each 5 feet long, and cast from a model 1 inch square ; and 
haying loaded them in the middle with different weights, with 
their ends supported on props 4 feet 6 inches asunder, they were 
left in this position to determine how long they would sustain the 
loads without breaking. They bore the weights, with one excep- 
tion, upwards of five years, with small increase of deflexion, though 
some of them were loaded nearly to the breaking point. Since 
that time, however, less care was taken to protect them from 
accident, and three othera were found broken. They were examined, 
and had their deflexions taken occasionally, which are set down in 
the following Table, which contains the exact dimensions of the 
bars, with the load upon each.'* * 

* Experimental Re$earehet, p. 874. 
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TABLE I. — ^BxpsBiMiVTB OM TBI Strbnoth of CastIbom Babs to Rbsist Long- 

OOHTUIUBD PBBflSUBB; 


Date of 



IQA 


ft 
t» 


1887. 
Mar. 6 
9 
11 

•» 17 
April U 
Mmj 81 
Aug. 22 
Not. 18 

1888. 
Jan. 8 
Mar. 12 
Jane 28 

1889. 
Feb. 7 
July 5 
Nov. 7 
Deo. 9 

1840. 
Feb. 14 
April 27 
June 6 
Aug. 8 
Sept 14 

1841. 
Not. 22 

1842. 
April 19 


IUl 


DeflMttoofnith 

apmiiAncDt 

toftdofSdOIbii 

laid iqKNi each. 


4ff^ 


470 

62^ 
7(P 
450 

88« 
61® 

78« 

640 
720 

890 

50O 

68^ 

61® 
740 

659 

580 


Defleettoniirttb 
apermaiMiit 

IMdOf SMllM. 

laid apoaaaeh. 


DaflactAooa 

wtkhmpenDa- 

nent load of 

89SIbiLlaid 

upon each. 


DellactlonB 

wlthapanna- 

nentloadof 

448 Iba. laid 

ppopeach. 


•916 
-980 


•980 
•982 
•987 
*942 

•941 
•945 
•968 

•950 
•959 
•955 
•956 

•955 
•954 
•951 
•958 
•1-047 

1*045 


1-048 
1-064 


1^078 
1-082 
1086 
1^088 

1-086 
1-091 
1-107 

1-098 
1-104 
1-102 
1-102 

1-104 
1-116 
1-112 
1-115 
1-115 

1-115 


1-267 
1-270 
1-270 


1-271 
1-274 
1-288 
1-286 

1-288 
1-298 
1-816 

1-298 
1-805 
1^808 
1-808 

1-805 
1-809 
1-808 
1-805 
1-805 

1-806 

1-808 


1-454 
1-461 


1-475 
1-481 
1-504 
1-499 

1-502 
1-505 
1-538 

1-524 
1-583 
1-531 
1-581 

1-581 
1-519 
1-520 
1-523 
•1-618 

1-620 

1-620 


1-684 
1-694 
1-694 


1715 
758 
760 


1-716 
1-725 
1-737 
1-724 

1-722 
1-801 
1-824 

1-815 
1-824 
1-824 
1-828 

1-824 
1-818 
1-825 
1-826 
1-826 

1-829 

1-828 


767 
775 
783 
778 

778 
784 
808 

784 
798 
796 
796 

797 
802 
798 
801 
802 

804 


1-812 


lag the 
weight 
^dayaji 


1-964 
2-005 
2005 
2-010 
2014 
Broke 
after 


1-410 
1-413 
1-413 
1-418 
1-422 
1-424 
1-438 
1-481 


480 
1-489 
1.457 

1-488 
1-446 
1-445 
1-445 

1-446 
1-445 
1-445 
1-447 
1-447 

1-449 

1-449 


TUa broke with 
SMIba.; other 
hot blast ban 
were tried, bat 
thejweresao- 
oeaiiyely bro- 
ken with 448 
Iba 


• After Angmt S, 1840, a body seemB to have fallen upon the bars of the 1st and 
4th Experiment, and Una may have inereaied their deflectiona. 

On these experiments Mr. Hodgkinson made the following 
observations : — " Looking at the results of these experiments, and 
the note upon the first and fourth, it appears that the deflection 
in each of the beams increased considerably for the first twelve or 
fifteen months ; after which time there has been, usually, a smaller 
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increase in their deflections, though from four to five years have 
elapsed. The beam, in Experiment 8, which was loaded nearest 
to its breaking weight, and which would have been broken by a 
few additional pounds laid on at first, had not, perhaps, up to the 
time of its fracture, a greater deflection than it had three or four 
years before; and the change in deflection in Experiment 1, where 
the load is less than f rds of the breaking weight, seems to have 
been almost as great as in any other ; rendering it not improbable 
that the deflexion will, in each beam, go on increaring till it 
becomes a certain quantity, beyond which, as in that of Experiment 
8, it will increase lio longer, but remain stationary. The un- 
fortunate fracture of this last beam, probably through accident, has 
left this conclusion in doubt."* Mr. Hodgkinson concluded from 
these experiments that cast-iron girders might be safely trusted with 
one-third of their breaking weight. This conclusion, however, 
he seems to have subsequently modified, when a member of the 
Iron Commission in 1849, which reported in favour of not less 

than one-sixth (499). 

490. BIfecto of lOBS^^onitaiaed impaet and fkteqveni de* 
ilcctfOBS OB eaot-iron hmrm — Iron CJoBUBteslonem* report. — 

The Commissioners appointed to inquire into the application 
of iron to railway structures, reported as follows on the effects 
of long-continued impacts and frequent deflections of cast-iron 
bars : — *' A bar of cast-iron, 3 inches square, was placed on 
supports about 14 feet asunder. A heavy ball was suspended by 
a wire 18 feet long, from the roof, so as to touch the centre 
of the side of the bar. By drawing this ball out of the vertical 
position at right angles to the length of the bar, in the manner 
of a pendulum, to any required distance, and suddenly releasing 
it, it could be made to strike a horizontal blow upon the bar, 
the magnitude of which could be adjusted at pleasure either 
by varying the size of the ball or the distance from which it was 
released. Various bars (some of smaller size than the above) 
were subjected by means of this apparieitus to successions of blows, 
numbering in most cases as many as 4,000. The magnitude of the 
blow in each set of experiments being made greater or smaller, as 

♦ Experimental Hnearchet, p. 376. 2 C 
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occasion required. The general result obtained was, that when 
the blow was powerful enough to bend the bars through one-half 
of their ultimate deflection (that is to say, the deflection which 
corresponds to their fracture by dead pressure), no bar was able to 
stand 4,000 of such blows in succession ; but all the bars (when 
sound) resisted the eflects of 4,000 blows, each bending them 
through one-third of their ultimate deflection. 

'* Other cast-iron bars, of similar dimensions, were subjected to the 
action of a revolving cam, driven by a steam-engine. By this they 
were quietly depressed in the centre, and allowed to restore them- 
selves, the process being continued to the extent, even in some 
cases, of an hundred thousand successive periodic depressions for 
each bar, and at a rate of about four per minute. Another con- 
trivance was tried by which the whole bar was also, during the 
depression, thrown into a violent tremor. The results of these 
experiments were, that when the depression was equal to on&>third 
of the ultimate deflection, the bars were not weakened. This was 
ascertained by breaking them in the usual manner with stationary 
loads in the centre. When, however, the depressions produced by 
the machine were made equal to one-half of the ultimate deflection, 
the bars were actually broken by less than nine hundred depres- 
sions. This result corresponds with and confirms the former. 

'* By other machinery a weight equal to half of the breaking 
weight was slowly and continually dragged backwards and forwards 
from one end to the other of a bar of similar dimensions to the 
above. A sound bar was not apparently weakened by ninety-six 
thousand transits of the weight. 

" It may, on the whole, therefore, be sidd, that as far as the effects 
of reiterated flexure are concerned, cast-iron beams should be so 
proportioned as scarcely to suffer a deflection of one-third of their 
ultimate deflection. And as it will presently appear, that the 
deflection produced by a given load, if laid on the beam at rest, is 
liable to be considerably increased by the effect of percussion, as 
well as by motion imparted to the load, it follows, that to allow the 
greatest load to be one- sixth of the breaking weight, is hardly a 
sufficient limit for safety even upon the supposition that the beam 
is perfectly sound. 
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'^ In wronght-iron bars no very perceptible effect was produced 
by 10,000 successive deflections by means of a revolving cam, each 
deflection being due to half the weight which, when applied stati- 
cally, produced a large permanent flexure. 

*' Under the second head, namely, the inquiry into the mechanical 
effects of percussions and moving weights, a great number of ex- 
periments have been made to illustrate the impact of heavy bodies 
on beams. From these, it appears, that bars of cast-iron of the 
same length and weight struck horizontally by the same ball (by 
means of the apparatus above described for long-continued impact), 
offer the same resistance to impact, whatever be the form of their 
transverse section, provided the sectional area be the same. Thus 
a bar, 6x1^ inches in section, placed on supports about 14 feet 
asunder, required the same magnitude of blow to break it in the 
middle, whether it was struck on the broad side or the narrow one, 
and similar blows were required to break a bar of the same length, 
the section of which was a square of three inches, and, therefore 
of the same sectional area and weight as the first. 

" Another course of experiments tried with the same apparatus 
showed, amongst other results, that the deflections of Mrrought-iron 
bars produced by the striking ball were nearly as the velocity of 
impact. The deflections in cast-iron are greater than in proportion 
to the velocity. 

^' A set of experiments was undertaken to obtain the effects of 
additional loads spread uniformly over a beam, in increasing its 
power of bearing impacts from the same ball falling perpendicularly 
upon it. It was found that beams of cast-iron, loaded to a certain 
degree with weights spread over their whole length, and so attached 
to them as not to prevent the flexure of the bar, resisted greater 
impacts from the same body falling on them than when the beams 
were imloaded, in the ratio of two to one. The bars in this case 
were struck in the middle by the same ball, &lling vertically 
through different heights, and the deflections were nearly as the 
velocity of impact." * 

• Rep. of Cttm.t p. x. 
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479. Worldii|p«tralBiirea«t-lron8lrtfer00aiyeet to Titration 
shoald not exceed aaenrtxth of their breaklDir stralnr— If 
firee firom Tibratloiij It shovld not exceed one-fbiirth of their 
hrealdnir strain — ^If saiyect to sadden scTcre shocloi H 
shooid not exceed one-eli^th of thHr hreaklny strain — Rnle 
of Board of Trade fhr eaot-iron Railway Bridges — Une and 
a quarter ton per Minare Inch safe tensile worUnir strain 
fbr good cast4ron — Six tons per Minare inch safe eompres- 
sItc woriLlny strain fbr sections wlilch cannot deflect. — The 
reader will observe that the Commissioners considered one-sixth 

of the breaking strain hardly a suflScient limit of safety for oast- 
iron girders when liable to percussion and deflection from moving 
loads. This inference was, no doubt, influenced by their experi- 
ments on bars which were much lighter in proportion to their trial 
loads than ordinary bridge girders are compared with the loads 
which in practice traverse them. As a general rule, one-sixth 
of the breaking strain may be taken as the safe working strain 
for cast-iron girders which are liable to vibration, as in railway 
or public bridges, but when the load is stationary and free from 
all vibration, such as water tanks, one-fourth of the breaking 
strain is safe. When, however, cast-iron girders are liable to 
sudden severe shocks, as in crane posts or machinery, their working 
strain load should not exceed one-eighth of their breaking strain. 
The railway department of the Board of Trade has laid down the 
following rule for the guidance of engineers in the construction of 
railways : — " In a cast-iron bridge the breaking weight of the girders 
should be not less than three tunes the permanent load due to the 
weight of the superstructure, added to six times the greatest moving 
load that can be brought upon it." Notwithstanding this rule, 
engineers will do well not to design cast-iron girders for railway 
bridges of less strength than six times the total load, that is, six 
times the permanent load added to six times the greatest moving 
load. The reader who desires detailed information respecting the 
practice of our most eminent engineers during the reign of cast-iron 
is referred to the evidence laid before the Commissioners in 1849. 

It seems certain that the transverse strength of thick rectangular 
cast-iron bars is less than that of thin ones (SIS), but it does not 
necessarily follow that the strength of large flanged girders is 
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diminished by the massiveness of the casting, or that they are 
relatively weaker than smaller girders of similar section, for the 
quality of the iron will, no doubt, materially affect their strength 
(S46). Experiments on a large scale can only decide these questions, 
which, however, have less importance now than when the Iron 
Commission sat in 1849, as it is unlikely that large cast-iron girders 
will be often employed in important works when wrought-iron is 
available. 

Cast-iron can be got, on specification, to stand 7^ tons tension 
per square inch; consequently the rule of one-sixth allows 1^ tons 
per inch for the ordinary limit of safe tensile strain for good 
cast-iron in tension flanges, but this material is quite unfitted 
for tie-bars for the reasons referred to in S49 and S48. In com- 
pression cast-iron will safely bear 6 or 7 tons per square inch, 
provided it be in a form suited to resist flexure ; but the effects 
of flexure will seriously diminish the safe unit^strain for pillars, 
as already explained in the Chapter XIII. (SIS). The same remark 
applies to untrussed cast-iron arches in which the line of pressure 
may vary so as to alter the strain materially, perhaps as much as 
50 or even 100 per cent. 

WROUGHT-IBON. 

49§. EITecto of repeated defleetfons on wrooffht-tron ban 
and plate gMILen — ^Portoa&onih experiiaents on the deilee- 
tloin of bars — ^JPalrbaim's experiment on a plate ipirder. — 

Sir Henry James and Captain Galton made some experiments in 
Portsmouth Dockyard for determining the effects produced by 
repeated deflections on wrought-iron bars.* These experiments 
were made with cams caused to revolve by steam machinery, which 
depressed the bars and allowed them to resume their natural position 
for a great number of times. Two cams were used; one was 
toothed on the edge so as to communicate a highly vibratory 
motion to the bar during the deflection; the other, a step cam, 
gently depressed the bar and released it suddenly when the full 
deflection had been obtained. The rate of the depressions was 

* Bep, of Com., App, B., p. 269. 
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from four to seven per minute. The following table gives the 

principal results : — 

TABLE n. — ExTKBDONTs Off Rbfbatsd DmionoNS of Wbouoht-ibov Babs 
2 Imohis Squabv ahd 9 Fbit Long bstwbn Pqihts or Supfobt. 


Naof 
Experiment 

Amount of 
Deflection. 

Nmnbwof 
Depwrionfl. 

Pormanent 
Set 

Remarkfl. 


Inches. 


Inches. 

• 

1 

•888 

100,000 

0-015 

Rough cam. 

2 

•88 

10,000 

0- 

Step cam. 

8 

1-00 

10,000 

0*06 

Do. 

i 

200 

10 

0-80 

Do. 



50 

0-54 

Do. 



100 

0-69 

Do. 



150 

0-84 

Do. 



200 

0-98 

Do. 



800 

1-84 

Do. 


For the purpose of comparison the following experiments were 
made to determine the deflections due to statical loads at the centre 
of a similar bar. 

TABLE III.»Ezfsbdcbvtb ov a WBonoHT-iBOv Bab, 2 Imohbs bquabb abb 
9 Fbbt long bbtwxbm ronrrs of bdpfobt, bhowing thb Statioal WfliaBTS 

DT7B TO OIYSN DBFLBOTIOHfl^ THB WBI0HT8 BUBO APPLDED AHD THB DBFLBOTIOBB 
MBASUBBD AT THB COEHTBB. 


Deflections 
Inlnchei^ 

WeUhts 
InAa. 

Pemuuient 

Set 

Remarks. 

•888 
-666 
•888 
100 
1-80 

507 

926 

1.121 

1,864 

1,950 







0054 

0^86 

After the bar had 1,950 lbs. on, 
it suddenly gave way, and 
althoogh it did not break, no 
further weight conld be appHed 
with certainty. 


In these experiments two things are worthy of note ; first, the 
largest deflection which did not produce a permanent set appears to 
be that due to rather more than one-half the statical weight which 
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crippled the bar: secondlj, 10,000 depressions with the step cam, 
causing a deflection of 1 inch, produced ahnost exactly the same 
permanent set as the statical weight due to the same deflection of 
1 inch. With the view of arriving " at the extent to which a 
bridge or girder of wrought-iron may be strained without injury to its 
ultimate powers of resistance, and to imitate as nearly as possible the 
strain to which bridges are subjected by the passage of heavy railway 
trains," Mr. Fairbaim caused a weighted lever to be lifted off and 
replaced alternately, by means of a water-wheel, upon the centre of a 
wrought-iron single-webbed plate girder of the usual construction, 
with double angle-irons and a flange-plate riveted on top and bottom 
respectively. The dimensions of the girder were as follows : — * 

Extreme length, .22 feet. 

Length between supports, 20 feet. 

Extreme depth, .16 inches. 

Weight of girder, .... 7 cwt. 3 qrs. 

Inches. 

Area of top flange, 1 plate 4 inches X ^ inch, . 2*00 

2 angle irons 2 X 2 X Y?, . 2*30 


n >i 


Area of bottom flange, 1 plate 4 inches X ^ inch, 1*00 
„ „ 2 angle-irons 2 X 2 x -^, 1*40 


4-30 


2-40 


Web, 1 plate 15i X ^ inch, 190 

Total sectional area, 8*60 

The area of the ^ inch rivet holes in the bottom flange, two in 
each angle-iron and two in the plate, is equal to '625 square 
inches, which reduces the effective flange area for tension from 2'4 
to 1*775 square inches. The web being continuous gave some aid 
to the flanges, but as it was composed of 9 short plates with 
vertical joints and single riveted covering strips, the amount of 
aid given to the tension flange probably did not exceed one-half 
the theoretic aid of a perfectly continuous web (00), that is, it 
equalled one-twelfth of the gross area of the web, or 0*158 square 

* U^fvl InformatUm for Engineers; third seriep, p. SOI. 
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inches ; adding this to the net area of the bottom flange, we have a 
total of 1*775 X 0*158 = 1*933 square inches available for tension, 
and assuming the tearing strength of the iron to haye been 20 tons 
per square inch, and the depth for calculation to be taken from 
inside to inside of the angle-iron flanges, which measures 14| inches, 
we have the breaking weight in the centre, from eq. 19, as follows, 

^ ^ 4Fi ^ 4X(20X^^XM5 = 9-5 tons. 

The compression flange, it will be observed, was much stronger than 
that in tension, and hence it maj be supposed that a larger fraction 
than one-twelfbh of the web should be added to the lower flange 
(490). The extra strength on this account must, however, have 
been very small and could scarcely raise the breaking weight beyond 
10 tons. Mr. Fairbaim, however, calculates the breaking weight 
at 12*8 tons by an empirical formula derived from the model tube 
at Millwall. The following table contains a summary of the 
experiments with the corresponding tensile strains, calculated on 
the supposition that 10 tons was the true statical breaking weight. 


TABLE IV.—ExFiBiicxNTS ov Refia,txd Dsmonovs of a SraaLi-wsBEBD 

FLATB-IBON GiBDEBy 16 DTOEBS DBBP, ABD 20 VBBT TMSQ BBXWBBV POINTB OV 
8U7P0BT. 


it 

Weight 
on Middle 
of Gilder. 

Na of Changes. 

Deflection. 

Stndn 
per square 

inch of 
net section 
on Bottom 

Flange. 


1 

2 
S 

Tons. 
2*96 

3*50 
4«8 

596,790 

i08,210 
5,175 

Inches. 
0-17 

0-23 
0-85 

Tons. 
5-92 

7-00 
9-36 

Above half a millioii changes, 
working continuously for two 
months, night and day, at the 
rate of about eight changes per 
minute, produced no visible 
alteration. 

One million changes and no 
apparent injury. 

Permanent set of. *05 inches ; 
broke by the tension flange 
tearing across a short distance 
from the middle. None of the 
rivets loosened or broken. 
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Qirder repaind hy nplaeing the hrcJsm angle-irwM on each tide, and puUmg a 
patch over the broken piate equal in area to the broken plate itself. 


is 

Weight 
onMMdle 
of Girder. 

No. of Changes. 

Deflection. 

Strain 
per square 

inch of 
net section 
on Bottom 

Flange. 

Remarks. 

4 

5 
6 

7 

Tons. 
4-68 

8-58 
2*96 

400 

158 

25,742 
8,124,100 

818,000 

Inches. 

0-22 
0-18 

0-20 

Tons. 
9-86 

7-16 
5*92 

800 

Appamtus acoidentaUy set hi 
motion ; took a luge but un- 
measured set. 

Ko increase of deflection or per- 
manent set. 

Broke by failure of the tension 
flange as before, dose to the 
plate riveted oyer the preyioos 
naotnre. Total number of 
changesafter repair = 8,468,000. 


These experiments seem to indicate that a constantly repeated 
tensile strain of 6 tons per square inch, with vibration, will not 
injure wrought-iron, but, as the actual breaking weight of the 
girder was not determined after each experiment, we cannot be 
quite certain whether the strength was reallj impaired or not by 
the lesser strains. To carry out the experiment scientifically 
would have required several girders to be broken by dead weight — 
one when new, as a standard for comparison ; and each of the others 
after a few million changes of the same amount in any one ^brder, 
but of different amounts in successive girders. 

4t9. Role of Board of Trade ibr wroafphi-iroii raflway 
bridges — WorUair strain oif wrouyht-lron girders sultfeet to 
¥lliratlon shoold not exceed ime-fbnrth of their breaklnir 
strain — ^If fhree flrom Tlbratlon It shoold not exceed one-third 
of their hreaklnir strain — ^If snl||eet to sodden seTere shocks 
It shonld not exceed one-sixth of their hrealKlnir strain — 
French role ibr wronyht-lron raflway hrldi^es. — The follow- 
ing rule has been laid down by the Board of Trade for the strength 
of railway bridges. '* In a wrought-iron bridge the greatest load 
which can be brought upon it, added to the weight of the super- 
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structure, should not produce a greater strain on any part of the 
material than five tons per square inch." This rule is generally 
confined to parts in tension while the usual limit of strain in the 
compression flanges is 4 tons per square inch, and as the tearing 
and crushing strengths of ordinary plate iron are respectively 20 
and TS tons per square inch the foregoing rules are equivalent to 
stating that one-fourth of the breaking strain is the maximum 
safe working strain for wrought-iron ^rders which are subject to 
vibration, and this is now the recognized English practice. When 
supporting a dead load, like water tanks, it is likely that wrought- 
iron girders will bear safely one-third of their breaking strain, but 
when liable to sudden severe shocks, as in gantries or cranes, it 
will be prudent to limit the working strain to one-sixth of the 
breaking strain. The French rule for wrought-iron railway bridges 
is that in no part shall the strain exceed 6 kilogrammes per square 
millimetre, t.^., 3*81 tons per square inch. 

480. FiTe tonm per square Ineh safe tenflile workinir strain 
ibr oHUnary plate iron — ^Met area only efTeetlTe flur tension — 
Panehinir rednees tensile strenytb of Iron^ especially If It 
he brittle — ^FIto tons per square Ineh safe tensile woriclnir 
strain fer ordinary bar and ansie<4ron — Six tons ^er square 
Ineb fer bar Iron of extra qnallty like the links of suspen- 
sion chains. — The reader will recollect that the whole area of a 

riveted plate is not available for tension, but only the unpierced 
portion which lies between the rivet holes in any line of section; 
this is generally called the net area of the plate, and on this net area 
alone the working tensile strain of 5 tons per square inch should be 
calculated. The effective tensile area of a punched plate is, indeed, 
somewhat less than its net area, for the tearing strength of iron is 
generaUy injured by punching, especially if there be too great a 
clearance between the die and the punch or if the iron be brittle, 
and, though it is not the practice, it would be more correct to 
diminish the gross section by the sum of the rivet holes multiplied 
by a factor greater than unity, perhaps 1*1 or 1*2. It may, 
perhaps, be supposed more accurate to add a constant quantity, 
say ^th inch, to the diameter of each hole in place of adding a per- 
centage, but it is probable that the weakening effect of punching 


CHAP. XXVI.] WORKING LOAD. 385 

is greater the thicker the plate, and as thick plates have generally 
larger rivet holes than thin plates the percentage allowance will be 
more accurate in practice. Good experiments on this subject are 
much wanted. Meantime the weakening effect of punching affords 
an argument in favour of drilling holes, especially in hard and 
brittle materials (4M). Punching will probably do little injury 
to soft and ductile iron or to annealed steel. 

The safe tensile working strain for ordinary bar, angle, or X ^^ 
is generally taken the same as for plates, namely, 5 tons per square 
inch of net section, but bar iron of extra quality, such as the links 
of suspension bridges, will safely bear 6 tons per square inch for 
the maximum working strain. Special care is taken with the 
manufacture of this class of iron, and it is customary to prove each 
link individually to a strain of 9 tons per square inch before it is 
admitted into the suspension chain, the tearing strength of the 
iron being not less than 24 tons per square inch. 

481. CfrroMi are* aTailable fbr comprcssloB — ^Vovr tons per 
square Incli safe eompre«0l¥e worUair strain War wroaffrlit- 
IrMi In larye aeeiions like flanyes — ^Three tons per square 
Ineb ibr snuUl sectliMiS like lattlee-bars — ^Plaaires of wronffht* 
Iran sirilers caterafly of eqnal area. — The total sectional area 
of a riveted plate is available for compression (flexure being duly pro- 
vided against), since the thrust is transmitted through the rivet just 
as if it were a portion of the solid plate, for if the rivet head be 
properly hammered up its shank ¥rill upset and fill the hole com- 
pletely. Even supposing that the rivet do not perfectly fill the 
hole, an exceedingly small motion of the parts, which 'must take 
place before crushing commences, will cause the strain to pass 
through the shank. In practice, however, the longitudinal cour 
traction of each rivet in cooling will generally produce an amount 
of friction between the surfaces riveted together sufficient to resist 
any moveipent so long as the strain lies within the usual working 
limits (490). The crushing strength of wrought*-iron is generally 
taken at 16 tons per square inch, and the safe limit of compressive 
working strain is, according to ordinary English practice, 4 tons 
per square inch over the gross area, provided the section is so large 
that it can without extra material be put into a form suitable for 
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resisting flexure or buckling. This is generally the case with the 
compression flanges of girders. When, howeyer, a thin sheet like 
the web of a plate girder sustains compression, or when the section 
of a strut is small, as in the compression bars of braced girders, 
it is necessary to add additional material to prevent flexure or 
buckling. Angle, Xi or channel iron are suitable for plate stif- 
feners or for short struts; for long struts the plan of internal cross 
bracing, represented in Fig. 89 (M9), may be advantageously 
adopted, the internal cross bradng, of course, not bdng measured 
as efiective area to resist crushing, since it merely keeps the sides 
in line, but sustains none of the longitudinal thrust, and in small 
scantlings it will be prudent to limit the maximum compressive 
working strain to 3 tone per square inch. 

The flanges of wrought-iron ^rders are generally of equal or 
nearly equal area, for the loss of rivet area in the tension flange 
is compensated by the higher unit-strain in the unpunched part 
between the rivet holes which is efiective for tensile strain. 

489. WorlclBK load of bollem sliovld not exeeed obo- 
^Slitb of their bomtlny preMwre — Frcncli Role — ^Workimir 
•train of enfrln^work shoold not exceed one-tentb of the 
hreaklnir strain. — ^The working load of boilers should not exceed 
one-eighth of their bursting pressure, though locomotive boilers are 
occasionally worked (very unsafely) to one-fourth of their bursting 
pressure.* General Morin states that according to a French royal 
decree the working strain of plate iron in boilers shall not exceed 
1*9 tons per square inch.t 

In constructing engine-work it is safe practice to proportion the 
moving parts, so that they shall not have to bear more than one* 
tenth of the strain that would break or cripple them. % 

4M« Bxanirteft of worlElnir strain In wrought^ron ilrder 
hridseo— In suspension hrldyes. — ^The following tables contain 

short summaries of the strains in some important girder and 

suspension bridges : — 

* B<mme*i Handbook of like 8Uam Engine, p. 464, and Tram, Society of Engineer$f 
1868, p. 55. 
t RUidance dee MaUriaux, p. 20. 
t DrewTjf on StupeneUm Bridget, p. 195. 
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484. Strenytli and quality of maCeiiais should he stated In 
speelllcatlonft — ^JProof strain of suspension links and cbalns*^ — 

In drawing np specifications for girders, ships, or boiler- work, it is 
well to specify the tearing strength. and quality of the materials. 
These may be tested by tearing asunder samples, of the following 
section [7 ^ ^ in a proving machine, several of which are now 
to be found throughout the kingdom. The amount of elongation of 
wrought-iron or steel under strain is a test of toughness, a most 
desirable quality for many purposes, though of little importance in 
the compression flanges of girders. In my own specifications I 
require the set after fracture (ultimate elongation) of ship plates 
and tension plates of girders when torn with the gndn to be not 
less than 5 per cent, of their original length ; at right angles to the 
grain the set is generally much less, perhaps only 1 or 2 per cent. 
(MOs S54» S50). In proving cast-iron, care should be taken to 
round off the arrises of the pin-holes of the sample, so that the 
strain may pass accurately through its axis (S49). Ships' chains are 
now tested in proving machines sanctioned by the Board of Trade 
(S80) ftnd it is customary also to prove all the flat links of suspen- 
sion chains to 9 or 10 tons per square inch. The proof, however, 
should not pass the limit of elasticity, say 10 to 12 tons per square 
inch, lest the ductility of the iron be impaired and brittleness 
result (410). 

STEEL. 

4§5* Ponehlny reduces tensile strength of steel plates 
one-third as com|iared with drilling — Strength restored by 
annealing — ^Annealing equalises different qualities of steel 
plates — S tons per square inch sal^ tensile working strain 
fhr st<^ plates — Steel pillars* — It appears from papers on the 
treatment of steel, read at the annual meeting of the Insti- 
tution of Naval Architects, in April, 1868,* that steel plates, 
such as are now being introduced for shipbuilding, may be obtained 
of a tensile strength of from 33 to 35 tons per square inch. 
Punching, as compared with drilling, reduced the strength of ^ 
inch plates from 26'4 to 37*8 per cent., the average being 33 per 

♦ The Efiyineer for April 8, 1868, pp. 248, 260, Vol. xxv. 
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cent. It was found, howeyer, that annealing punched steel plates 
restored them to their original strength. Annealing also was recom- 
mended to equalize their strength, as in a batch of plates sent 
in by the same manufacturer the plates sometimes greatly differ, and 
a bath of molten lead was recommended as a cheap and certain mode 
of annealing. It was also stated that enlarging the die, so as to ^ve 
it a large clearance round the punch and make a taper hole, gaye 
a great adyantage with Bessemer steel, amounting to 7 or 8 per 
cent., but the same advantage was not obtained with puddled steel. 
In experiments on iron plates it was found that a greater clearance 
than the usual one of a sixteenth of an inch injured the iron. 
Mr. Roohussen*s experience lead him to prefer puddled steel for 
plates and Bessemer steel for angle, X> o^ hulb beams. The safe 
tensile working strain of mild steel plates, such as those described 
may probably be taken at eight tons per square inch (850). 

The crushing strength of steel is so high that 12 or even 15 tons 
per square inch is perhaps a safe compressive working strain when 
the material is not permitted to deflect Its stifihess in the form of 
a long solid pillar, judging fix>m Mr. Hodgkinson*s experiments 
(SII5), is 2^ times that of cast-iron and 1^ limes that of wrought- 
iron, and these results seem corroborated to a certain degree by 
the relative values of the coefficients of elasticity of the respective 
materials (98S). Experiments are, howeyer, still wanling to deter- 
mine the safe working compression of steel when subject to flexure 
in such sections as those usual in pillars and the struts of ^rders. 
Till such are made it will probably be safe to adopt one and a^half 
times the strain that a similar section of wrought-iron would safely 
carry. 

TIMBER. 

486* finffltohj Amterieaiis and French praetlee — ^Pennanent 
worUny strain of timber shonld not exceed one-tentb of the 
breabiny strain — Temporary worUnir atraln may reaeh one- 
fbnrth* — The use of timber in important structures is now so 
rare in the United Kingdom that it is difficult to assign the 
working strain which English en^eers consider safe. In the 
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Landore Trussed Viaduct, constructed by the late Mr. Brunei of 
creasoted American pine, with wrought-iron ties, whether red or 
white pine is not stated, the timber in compression was generally 
calculated to bear 373 lbs. per square inch, though in some parts 
of the structure the strain was allowed to reach 5601bs., or 50 per 
cent, more.* 

In the Innoshannon lattice timber bridge, erected by Mr. Nixon 
on the Cork and Bandon railway, the ordinary working strains in 
the flanges were 484 lbs. compression, and 847 lbs. tension per 
square inch. After 16 years' life this bridge was so decayed that 
it became unsafe and was replaced by a wrought-iron structure in 
1862.t In America large timber bridges are stiU common, and 
Mr. Haupt, an American authority on this subject, '' has not con- 
sidered it safe to assign more than 800 lbs. per square inch as a 
permanent load, and 1,000 lbs. as an accidental load,'* ^ and in a paper 
on American timber bridges, read by Mr. Mosse at the Institution 
of Civil Engineers in 1863, it is stated that about 900 lbs. per 
square indi is usually considered by American engineers to be the 
limit of safe compression for timber framing. § Navier and Morin, 
French authorities, recommend that the working strain of timber 
should not exceed -^^th of the breaking strain, || and this rule seems 
safe practice for permanent structures. For merely temporary 
purposes a strain of ^th of the breaking weight is probably safe 
(S9§). With reference to transverse strain, Tredgold states that 
*' one-fifth of the breaking weight causes the deflexion to increase 
with time, and finally produces a permanent set."^ 

#89. Short llfb of timber bridtes — ^Rlflk of lire.— In the 
paper on American timber bridges already referred to, Mr. Mosse 
states that they do not last in good condition more than 12 or 
15 years, the timber bdng generally unseasoned and shrinking 

• Proc Inat, C.R, VoL xir., p. 600. 

t Traaii, Ifui. C.E. Irdand, VoL viii., p. 1. 

t Otnaral Theory of Bridge dmiiniction, by Henum Hftupt^ A.M., p. 68. 

§ Proe. Imt. CJ?., Vol. zzii., p. 810. 

II Na/vier, p. 108, and Marin, pp. 51, 6i, 68. 

IT TredffoUTi Oarpentry, p. 67. 

2d 
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much after being framed. When covered in to protect them from 
the weather '' and cared for, any ehrinkage of the braces being 
immediately remedied, it is believed these bridges will remain in 
good condition double the usual time, or about twenty-five years." 
Some of the old continental bridges, however, lasted much longer 
than this, but fire seems to be as common an agent of destruction 
as time in America, where, no doubt, the dry summers give it 
every advantage. 

488. Weii^t whieh piles wiU support depends more upon 
the nature of the i^onnd than the aetoal strenf^th of the 

timher. — As piles in foundations beneath masonry are buried in 

the ground which itself supports an uncertain share of the weight 

of the superstructure it is impossible to say exactly what weight rests 

on the pile and how much on the surrounding soil. The piles in the 

foundations of the High Level Bridge at Newcastle, erected by 

Mr. B.. Stephenson, were 40 feet long and driven through hard 

sand and gravel till they reached the solid rock. At certain states 

of tide, however, the sand became a quick-sand which facilitated 

the driving. One of these foundation piles was tested with a load 

of 150 tons which was allowed to remain several days, and upon 

its removal no settlement whatever had taken place. The piles 

are four feet from centre to centre, filled in between with concrete 

made of broken stone and Boman cement, and the utmost pressure 

that can come upon one of them is 70 tons, supposing none of the 

weight to be earned by the intervening planking and concrete.* 

The piles in the Boyal Border Bridge, erected by Mr. Stephenson 

over the river Tweed, in 1850, are American elm driven from 30 

to 40 feet into gravel and sand ; the pressure on each of these is also 

70 tons, neglecting any support derived from the intervening soil.t 

Assuming the piles ia these two instances to be 15 inches square, 

70 
the pressure does not exceed ^^ = 45 tons per square foot, or 

700 lbs. per square inch. Some of the uprights in the lofty scafibld- 
ing on which the land spans of the Britannia Bridge were built carried 

♦ EncycU Brit., Art. " Iron Bridgei," Vol. arii,, Part iil, p. 604. 
t Proe. Inst. O.E., VoL x., p. 224. 
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28 tons per square foot, or 435^ lbs. per square inch. The hori- 
zontal timbers, however, were somewhat compressed under this 
stnun (S98).* As already mentioned in SM, the nature of the 
ground has more to do with the safe load on piles than the actual 
strength of the timber; 70 tons per pile, however, is the severest 
load I find recorded. 

POUNDATIOKB, STONE, BRICK, MASONBT, CONCBETJB. 

489. FoQodatiowi ofeaHh, elmy, ^raTeL — ^Professor Bankiae 
states that '' the greatest intensity of pressure on foundations in 
firm earth is usually from 2,500 lbs. to 3,500 lbs. per square foot, or 
from 17 lbs. to 23 lbs. per square inch.**t The depth of foundations 
should be sufficient to place them below the influence of frost or 
running water, nor should it be forgotten that deep excavations 
or drainage-works in the neighbourhood of buildings frequently 
cause subsidence of the foundations and superstructure. The 
following table contains a few examples of heavy pressures on 
foundations. 

* Clark 0% the Tubular Bridget, p. 549. 
t CfivU Endmeaing, p. 380. 
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400. Worldiiir preffsnre on mattonrj, briekworkj or eoB- 
eretej should not exeeed one-oixth of the crashinir weight 
of the mass — WorUnir pressure On ashlar- work shoold not 
exceed one-twentieth of the erashinir streni^h of the stone. — 

Professor Kankine states that 'Hhe resistance of good coursed rubble 
masonry to orushing is about four-tenths of that of single blocks 
of the stone that it is biplt with. The resistance of common rubble 
to crushing is not much greater than that of the mortar which it 
contains."* The working load on rubble masonry, brickwork, or 
concrete, as already observed in (SSO), rarely exceeds one-sixth of 
the crushing weight of the aggregate mass and this seems a safe 
limit Greneral Morin, however, states that mortar should not be 
subject to a greater pressure than one-tenth of its crushing weightf 
The ashlar voussoirs of an arch, where the line of thrust may 
vary considerably from the calculated direction, should not be 
subjected to a greater (calculated) pressure than ^ih of that 
which would crush the stone. It is safe to apply the same rule to 
all ashlar-work, as it is very difficult, if not impossible, to com- 
mand a perfectly uniform pressure throughout the whole bed of 
each stone, and a slight inequality in the line of pressure may 
cause splintering or flushing at the joints. Vicafs experiments 
(8S4) and the examples of pressure given in the following table, 
seem to show that the weight on stone columns may sometimes 
reach as high as -^th of the crushing strength of the stone. This, 
however, is a much severer load than is usual in modem engineer- 
ing practice, and cannot be recommended as very safe. 

* Oiml Engineering, p. 887. 

t ^huUmee det MfU4ria/v», p. 51. 
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From Mr. Grant's experiments, made with a hydraulic press, 
it appears that the crushing strength of five 12-inch cubes of 
concrete made of Portland cement and Thames ballast in the 
proportion of 1+6 and 1+8, and 10 months old, varied from 52'4 
to 83'2 tons per square foot, or from 815 to 1,294 lbs. per square 
inch, those that were kept in water giving the highest results. One 
twelve-inch cube of concrete, made with blue Lias lime and Thames 
ballast 1+6, also 10 months old and kept in water, bore 6 tons per 
square foot or 93 lbs. per square inch. A similar cube of Lias 
concrete, but made with Bramley Fall chippings 1+6 in place of 
ballast, and also kept in water 10 months, bore 20*4 tons per square 
foot or 317 lbs. per square inch.* 



TABLB X 

.. — ^EzAXPLBS OF Wobkhtg Pbbssukm on 

COKOBSTB. 






Preanire 


No. 

Name 
of the Stractore. 

Date. 

Engineer. 

Material 

per 

square 

foot. 

ObaervatioDa. 






Tone. 


1 

Charing Gro88 
Bridge. 

1868 


Concrete made 
of Portland 
cement and 
Thames 
gravel, 1+7. 

8 

See Ex. 3, Table 
VIL 

s 

Chimney at 
West Cum- 
berland 
Hematite 
Iron Worka. 

1867 


Concrete made 
with hy- 
draulic lime. 

2 

Concrete baae 8 
feet thick 
beneath brick 
chimney. See 
Ex. 7, Table 
IX. Pressure 
on ground 
below = 1-6 
tons per square 
foot. 


< Proc. Intt, C,E^ Vol. xxiL, p. 515. * Trans, ItuL Eng. in Scotland^ Vol. xi., p. 157. 


WORKING LOAD ON RAILWAYS. 

491. A train of enyliies Taryinur firom one ton to one and 
one-third ton per ronninir tbot is the heaTiest worlOnir I^mmI 
on 100 feet railway ipirders — ^Tliree-roartlui ton per ronninip 
fbot the heaTiest woiUnir ioad on 400 feet yirders — ^Weiffht 

♦ Proc. Intt. C.E., Vol. xxv., p. 110. 
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of BDginefl — CJirdem under 40 Wcei Ualile to concentrated 
woiUnur loads. — A train of locomotives, the weight of which 
generally varies from 1 to 1^ tons per running foot, is the heaviest 
passing load to which a single-line railway bridge is liable, but it 
rarely happens in practice that girders are subject to a uniform load 
of this density except in short bridges whose length does not exceed 
that of two engines with their tenders which may collectively cover 
from 80 to 100 feet of line. We may therefore safely assume that 
the maximum strain to which the flanges of railway girders 100 feet 
in length are subject does not exceed that due to the permanent 
bridge-load plus a train-load of from 1 to 1^ tons (according to size 
of engines) per running foot on each line of way. In longer bridges 
than 100 feet the train-load per running foot will be less, and in 
bridges of 400 feet span or upwards, the greatest occasional load 
can scarcely exceed | ton per running foot on each line, as this is a 
denser load than that of an ordinary goods train.* 

Until lately it has been usual to take one ton per running foot 
on each line as the ruling load for engines. This, however, is 
scarcely safe practice since many engines now exceed this, as 
shown by the three following tables, for which I am indebted to 
A. McDonnell, Esq., Locomotive Engineer of the Great Southern 
and Western Railway, Ireland, and to J. Bamsbottom, Esq., Loco- 
motive Engineer of the London and North Western Bailway . 

* The following memorandum by Mr. J. C. Smith, Resident Engineer on the DnUin, 
Wioklow, and Wexford JEUilwaj, shows the weight of a train of wagons loaded with 
solphnr ore : — 

" Weight of mineral engine loaded, 27 tons. 
tender do. 17 do. 

Length of engine and tender, bnfier to hafEm, 44 feet. 

Wagon empty 4 tons, loaded 12 tons. Length IS feet, out to ont of buffins. Two 
other descriptions of wagons, one 12 feet, and the other 14 feet 6 inches long, fa^Ving 
one ton less and weighing about 5 cwt less. 

A mineral train, of engine, 20 wagons and van, wUl weigh about 2S0 tons, and its 
length will be about 400 feet when buffers are dose up ; when running, somewhat 
longer." 
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Occasional monster engines are also found on railways, generally 
where the gradients are unusually steep, as illustrated in the 
following table : — 

TABLE XIV.— ExAMFLBS of Hiavt Evonns oh tabious Railways. 


1 

1 

Ballw»7. 

No. 

of 

Wlieeli. 

Wheel 
Baee. 

Weight. 

ObfleryattODi. 

Koiih London. • 

4 

Ft. Tn. 

Tone. 
42 

Four wheeU coupled. 

s 

Oldham. • 

6 

— 

49 

Goods engine with 6 wheeta oon- 
pled ; gnuiient 1 in 27. 

s 

4 

Brecon and 
Merthyr. 
Vale of Neath. • 

6 
8 

12 

38 
56 

Tank engine ; gradient 1 in 88. 

Tank engine with 8 wheels conpled, 
aftermrds altered into engine 
with tender in consequence of 
the destruction to the permanent 
way; gradient 1 in 47. 

» 

Mauritias Railway. 

8 

15 6 

47 

8 wheels coupled. Weight of engine 
47 tons ezdusiye of tender, to 
work gradients of 1 in 27. 

e 

KorChem Railway 
of France. 

12 

19 8 

67i 

Tank engme with 4 outside cylin- 
ders; wheels coupled together, as 
in two separate six-wheeled 
coupled engines. 

7 

Semmering. 

8 

— 

55} 

— 

« 

GiOTL 

8 

— 

55i 

Four Cylinders. 

9 

Cologne Minder. - 

— 

11 2 

82 

Weight of tender 18 tons. 

10 

Rheniflh. 

— 

18 

89} 

No tender. 

11 

Do. 

— 

11 

29 

Tender 17} tons. 


> * Proc. InH, O. JBl, VoL zxvi., p. 848» 888. * Ihid, p. 884. 

> Ibid, p. 885. • 7 • lUd, p. 878, 848. 

* Ibid, pp. 872, 874. » «• » Ibid, Vol. xxv., p. 486. 


Short railway girders, say under 40 feet span, are liable to 
considerably heavier strains than those due to uniform loads of 1, 1^, 
or 1^ tons per running foot on each line, and their strength should 
accordingly be greater in proportion than that of girders which 
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exceed this span. K, for instance, a six-wheeled engine, 24 feet 
long and weighing 32 tons on a twelve-feet wheel base, rest on 
the centre of a bridge 32 feet in length, the stndn in the flanges is 
obviously greater than would occur if 42*7 tons (= 32x1^) were 
distributed uniformly. A 40-feet bridge would, it is true, have the 
weight of only one such engine on the centre at a time, and if the 
load on the middle pair of wheels equal 16 tons and that on the 
leading and trailing pairs (6 feet on either side of the centre) equal 
8 tons respectively, the equivalent load concentrated at the centre 
of the bridge is 27*2 tons, or 54'4 tons distributed. If there 
were three such engines in a row, the pressure might be slightly 
increased by the weight on the leading and trailing wheels of the 
extreme engines, each of which would have one psdr of wheels, or 
8 tons, resting on the bridge within 2 feet of the abutments. This 
is equivalent to 1*6 tons concentrated at the centre, or 32 tons 
distributed over the bridge. Adding this to the 54*4 tons due to 
the central engine, we have a total weight equivalent to a distributed 
load of 57*6 tons, or 1-44 tons per running foot. This arrangement 
of engines produces the. greatest strain at the centre of the flanges. 
Ag^, two such engines might stand with their ends in contact at 
the centre of the 40-feet bridge, and though their outer ends would 
project beyond each abutment their collective wheel base would 
cover only 36 feet of the bridge. This arrangement of engines 
produces greater strains than the former near the ends of the flanges. 
Indeed, these end strains will in some cases slightly exceed those 
given by the following rules, but this is compensated for by the 
flanges being generally made heavier near the ends than theory 

requires (488). 

4M. Standard worklnir loadu Ibr railway brldfes of 
TarloiM 0|Mui0. — The following tables are intended to ^ve the 
results of the preceding observations in a concise form. They are 
based on six assumptions: — 

1. The working load for railway bridges 400 feet in length and 
upwards does not exceed } ton per running foot on each line. 

2. No more locomotives than will cover 100 feet in length follow 
each other without interruption; hence the working load per 
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foot diminishes as the span increases from 100 feet up to 400 
feet. 

3. En^es may be arranged on bridges less than 100 feet long 
so as to produce greater strains than would be due to the engine 
load if it were of uniform density ; hence the equivalent working 
load per foot increases as the span diminishes from 100 feet 
downwards. 

4. Bridges less than 40 feet in span are subject to concentrated 
loads from single engines. 

5. The standard locomotive is assumed to be 24 feet long and 
to have 6 wheels with a 12 feet base ; to have half its weight resting 
on the middle wheels and one-fourth on the leading and trailing 
purs respectively, which are supposed to be at equal distances on 
either side of the middle wheels. 

6. Standard engines are assumed to weigh 24 tons, 30 tons, and 
32 tons, according to their construction. This makes the standard 
load 1 ton, 1^ t^n, or 1^ ton per foot of single line, according 
to the weight of the engines which work it, but it is safest to take 
the higher standards for the railways in Great Britain, as they are 
so interlaced that endues may pass from one Hue to another, 
and it is quite possible that we have not yet arrived at the limit of 
weight. 

BBIDGES FBOM 40 TO 400 FEET IN LENGTH. 

If the standard load (the heaviest engine) on a 100 feet bridge 

weigh 1 ton per foot while that on a 400 feet bridge weighs *75 tons 

per foot, the difference (= *25 t.on per foot) must be gradually 

distributed among the intervening 300 feet; in other words, the 

•25 
difference for each 10 feet in length = -—- = "0083 tons. 

The differences for the other standards may be found in a similar 
way, and the following table contains the values of the working 
loads corresponding to the three standards for bridges of various 
lengths between 40 and 400 feet. 
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TABLE XY.— WoBKiNO Loadb vob Railway BBman noM 

40 TO 400 FXET IH LiVOTH. 


Lengih 
of Bridge • 
In feet. 

Worklag Load in tons per Running Foot of Single Line. 

Standard Load on 

a 100 feet Bridge- 

1 ton per foot. 

standard Load on 

a 100 feet Bridge^ 

14 ton per foot 

standard Load on 

a 100 feet Bridge- 

]| ton per foot 

40 

105 

1^85 

1-45 

50 

1-04 

1-88 

1-48 

60 

1-08 

1-82 

1-41 

70 

1-08 

1-80 

1-80 

80 

1-02 

1^28 

1-87 

00 

1-01 

1-27 

185 

100 

1-00 

1*26 

1-88 

120 

•08 

1-22 

1^80 

140 

•07 

1-18 

1-26 

160 

•95 

M5 

122 

180 

•08 

112 

118 

200 

•02 

1-08 

1-14 

250 

•88 

1-00 

1*04 

800 

•88 

•02 

•04 

850 

•70 

•88 

•85 

400 

'76 

•76 

•76 


BRIDGES UNDER 40 FEET IN LENGTH. 

Bridges under 40 feet in length should be strong enough to 
support a standard engine resting at the centre of the bridge. 
The following is an approximate method of calculating the value 
of the working load corresponding to each standard. First, find 
what load concentrated at the centre of the bridge will produce a 
strain in the centre of the flanges equivalent to that due to the 
standard engine. Twice this may be taken as the equivalent 
uniformly distributed load, which again divided by the span gives 
the working load per runmng foot required. 
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TABLE XYI. — ^WoBKiHO Load for Railway BniDaES ukdsk 

40 FEBT IN Length. 


Length 

of Bridge 

infect 

Working Load in tons per Running Foot of Single Line. 

Standard lx>ad on 
a 100 feet Bridge 
s 1 ton per foot 

Standard Load on 
a 100 feet Bridge 
= 1| ton per foot 

standard Load on 
a 100 feet Bridge 
=» 1^ ton per foot 

12 
16 
20 
24 
28 
82 
36 

20 

1-88 

1-68 

1-5 

1-35 

1-22 

Ml 

25 

234 

21 

1-87 

168 

1-68 

1-89 

2-67 

2-6 

2-24 

2-0 

1-79 

1-62 

1-48 


Short railway girder bridges are so light in proportion to the 
passing load that it is a good plan to bed the main girders on 
timber wall plat«s to prevent the masonry of the abutments from 
being shaken to pieces by the vibration of heavy en^nes. 

498. Effect of conoentrated loads upon the web. — ^The 
weight of a heavy engine may, as already explained, be concentrated 
within a 12-feet wheel base and thus produce a great local pressure 
on one or two cross-girders, which they again will transmit to one or 
two points in each main girder. It might even happen in a lattice 
girder that the intervals of the bracing and cross-girders were such as 
to throw the loadfrom several successive pairs of wheels on one system 
of diagonals which would thus be liable to excessive strain (450). 
We have, it is true, some compensation for this ; first, in the rigidity 
of the flanges, platform, sleepers, and rails, all of which help to 
distribute the weight ; and secondly, in the fact that the bracing of 
the central parts of small girders is for practical reasons generally 
stronger than theory requires (489), and it will generally be found 
sufficient to calculate the web strains on the supposition that the 
passing load is of uniform density, and equal in weight per running 
foot to the working loads given in the two previous tables. 

2 K 
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494. Proof load of railway bridgeA — Kagltob practlee — 
Freaeh CrOTemment role. — No definite rule has been yet made 
by the Board of Trade for the proof load of railway girder bridges, 
but the general practice on inspection is to load each line with as 
many engines and tenders as the bridge will hold, and measure 
the deflection in the second way described in 460. This proof is 
generally assumed to vary from 1 ton per running foot on the 
longer bridges to 1^ ton on the shorter ones ; but when a bridge 
exceeds a certain span, say 150 feet, it is obviously unreasonable to 
cover it with heavy engines, and ballast wagons may be used along 
with two or three engines so as to bring the proof load more in 
accordance with Table XV. 

I am indebted to M. Husquin de Rh^ville, Secretary of the 
French Society of Civil En^neers, for the following information 
respecting the French Ministerial regulations for the proof loads 
of wrought-iron railway bridges : — 

a. For bridges under 20 metres each span, a dead load of 5,000 
kilogrammes per running m^tre of each line (= 1*5 tons per running 
foot). 

b. For bridges exceeding 20 metres each span, a dead load of 
4,000 kilogrammes per running metre of each line (z= 1*2 tons per 
running foot). In some cases permission is given to reduce the 
dead load to 3,500 kilogrammes per m^tre (= 1*05 tons per foot). 

e. In addition to the foregoing proof by dead weight, a train 
composed of two engines (each weighing with its tender at least 
60 tons), and wagons (each loaded with 12 tons), in sufficient number 
to cover at least one span, is driven across at a speed of from 20 to 
39 kilometres (12 to 24 miles) per hour. 

d, A second trial b made by driving at a speed of from 40 to 
70 kilometres (25 to 43 miles) per hour, a train composed of two 
engines (each with its tender weighing 35 tons), and wagons loaded 
as in ordinary passenger trains, in sufficient number to cover at 
least one span. 

e. For bridges with two lines the trains are made to traverse each 
line, at first in parallel, and then in opposite directions so that the 
trains meet at the centre. 
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W0BKIN6 LOAD ON PUBLIC BRIDGES. 

495. Men marehinur in step and mnninur eattle are the 
0eTere«t loads on suspension brldf^s — A, erowd of people 
the greatest dlstrihnted load on a pnhlle bridge — Portions 
of hlnrbly exelted erowds paek at the rate of 149 lbs. pa* 
square Ibot — French and KnyUsfa practice — 100 lbs. per 
square fbot recommended as the standard woiUnip load on 
public bridges — Sometimes liable to concentrated loads 
as hinrb as 19 tons on one wheeL — It is well known that 
infantry marching in step will strain suspension bridges far more 
severely than any other form of passing load. On this subject 
Drewry came to the following conclusions: — " 1st, that any body 
of men marching in step, say at three to three and a half miles per 
hour, will strain a bridge at least as much as double their weight 
at rest; and, 2nd, that the strain they produce increases much 
faster than their speed, but in what precise ratio is not determined* 
In prudence not more than one-sixth of the number of infantry that 
would fill a bridge should be permitted to march over it in step ; 
and if they do march in step, it should be at a slow pace. The 
march of cavalry or of cattle is not so dangerous — ^first, because 
they take more room in proportion to their weight; and secondly, 
because their step is not simultaneous."* Referring to the Niagara 
Falls Suspension Bridge Mr. Roebling observes — " In my opinion a 
heavy train, running at a speed of twenty miles an hour, does less 
injury to the structure than is caused by twenty heavy cattle under 
a full trot. Public processions marching to the sound of music, or 
bodies of soldiers keeping regular step, will produce a still more 
injurious effect."t A crowd of people therefore constitutes the 
greatest distributed load on a public bridge, and 15 adults are 
generally estimated to weigh 1 ton, which gives an average of 
149'3 lbs. to each adult. Different statements, however, have been 
made respecting the number of people that can stand in a given 
space, and in order to test tlus I packed twenty-nine Irish artisans 

• Drewry on Suapennon Bridget^ p. 190. 

t Papen and Practical Illustrations of Public WorhSf p. 29. Weale, London. 
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and 1 boy, taken from a forge and fitting shop, and weighing 
collectively 4,382 lbs. or 146 lbs. per individual, on a weigh-bridge 
6' l"x4' 10" = 294 square feet. In this experiment the men 
overhung the edges of the weigh-bridge to a slight extent and gave 
too high a result; I therefore on another occasion packed 58 Irish 
labourers, weighing 8,404 lbs. or 145 lbs. a man, in the empty 
deck-house of a ship, 9' 6"x6' 0'' = 57 square feet; this gives a 
load of 147*4 lbs., or very nearly one man per square foot, and is 
I believe a perfectly reliable experiment. Such cramming, however, 
could scarcely occur in practice except in portions of a strongly 
excited crowd, but I have no doubt that it does occasionally so 
occur. The standard working load for suspension bridges in 
France was formerly 200 kilogrammes per square m^tre, = 41 lbs. 
per square foof This may be a sufficient standard for bridges with 
gatekeepers at the ends to prevent overcrowding, but it is obviously 
insufficient for bridges which are free to the public, especially in 
the vidnity of towns, and modem French practice seems to have 
raised the standard to 82 lbs. per square foot.t Drewry adopted 
70 lbs. per square foot of platform as the greatest load that a public 
bridge would sustain if covered with people.^ Tredgold and Pro- 
fessor Bankine estimate the weight of a dense crowd at 120 lbs. per 
square foot,§ and the late Mr. Brunei is siud to have used 100 lbs. 
in his calculations for Hungerford Suspension Bridge. Mr. 
Hawkshaw adopted 80 lbs. per square foot for the footpaths of 
Charing Cross Bridge ; || and Qn conjunction with Mr. W. BL 
Barlow) 70 lbs. for the Clifton Suspension Bridge.1[ My present 
opinion is that the standard working load of public bridges for 
calculation should not be less than 100 lbs. per square foot of platform, 
especially for bridges near cities. Public bridges also are subject 
to concentrated loads at single points of quite as severe a character 

* Drewry on Suspennon Bridges, p. 118. 

+ Traru. Soc. ofBng.for 1866, p. 197. 

t Drewry on Suapermon Bridges, p. 189. 

§ Tredgold^s Carpentry ^ p. 169, and Rankines Civil Engineering, p. 466. 

II Proc. Inst. C. E,, Vol. xxii., p. 684. 

H Idfffn, Vol. xxvi., p. 248. 


CHAP. XXVI.] 


WORKING LOAD. 


411 


as those to which railway bridges are liable ; if, for instance, a marine 
boiler, a large cannon, an iron girder, a heavy forging or casting be 
conveyed across a public bridge, the weight resting on a single 
pair of wheels may reach or even exceed 16 tons. For example, 
the crank shaft of H.M. armonr-plated ship Hercules — weighing, 
shaft and lorry, about 45 tons on four wheels — was refused a 
passage across Westminster iron bridge in 1866 foi>fear of injury 
to the bridge, and had to be conveyed across Waterloo ston6 
bridge.* It is necessary therefore not only to make the cross 
girders, but every part of the sheeting on which the road material 
rests, strong enough to bear heavy local loads which, as we have 
seen in the foregoing instance, may sometimes reach nearly 12 tons 
on a single wheel. 

49^ WelfiflUB of roollBir materlato — ^Welirht of snow. — 
The weights of various roofing materials are given by Tredgold 
as follows.! 


TABLE XVII. — WnoHTB of Various BooriHO Matbbials. 


Kind of Corerlng. 


Copper or lead. 

Slates, lai^ge, 

Ditto, ordiaary, 

Stone slate, - 

Plain tiles, - 

PantUee, 

Thatch of straw, reeds, or heath, - 

Force of wind does not geneially 
exceed, 


Inclination 

to the Horison, 

in Degrees. 


Height of 

Roof inputs 

of Span. 


Deg. 

mio. 


8 

50 

^ 

22 



i 

26 

S3 

i 

29 

41 

♦ 

29 

41 

♦ 

24 



i 

45 



4 


^^M 

""* 


Weight vpon a S<|nar6 
Foot of Roofing. 


f 


(Copper, 100 lbs. 
Lead, 7*00 lbs. 

11-20 

f^txnn 9*00 

to 5*00 

23*80 

17-80 

6-50 

Straw, 6-50 

4000 


• Engineer, VoL xxii., No. 664, p. 298. t TredgoUft Carpentry, p. 96. 
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Morin states that snow weighs ten times less than water, and 
that it may accumulate on roofs to half a metre, or nearly 20 
inches in depth, when it will weigh 10 lbs. per square foot.* Mr. 
Zerah Colburn estimates that the weight of saturated snow on 
bridges in America is equal to 6 inches of water, or 30 lbs. per 
square foot over the whole floor of a bridge.f The pressure of 
wind has been already given in Chap. XX. Tredgold's estimate 
in Table XV. seems far too high, since the slope of a roof must 
greatly diminish the pressure of the wind on each square foot of 
surface. 

* lUsittance det MaUriaux^ p. 882. 

t Proe. Intt, C. B., Vol. xxii., p. 646. ' 
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CHAPTER XXVII. 


ESTIMATION OP GIRDER-WORK. 


407. Theoretic and enplrieal qoantltlefl — ^^UlewaBee Ibr 
rivet holes In |iart« Id tenslOB geBeraily Tarles from one- 
third to one-llfth of the net seetion. — Chapter XI. contains 
formuloe for calculating the theoretic amount of material required 
for braced girders with horizontal flanges, when their length, depth, 
load and unit-strain are known. In order to render these formulae of 
practical use in estimating girder-work, certain large additions 
derived from experience must be added to the theoretic quantities. 
If, for instance, the girder be made of wrought-iron, the formulas 
are based on the supposition that the material is in one continuous 
piece whose whole section is equally effective for resisting strain. 
This is not the case in reality, for rivet holes in parts subject to 
tension, stiffners in those subject to compression, covers, packing, 
rivet heads and waste — ^all require certain additions to the theoretic 
quantities which experience alone can supply. When the general 
design is arranged it is easy to estimate the increased percentage 
of material arising from the weakening effect of rivet holes in parts 
subject to tension (480). In girder-work the allowance for rivet 
holes generally varies from one-third to one-fifth of the net sectional 
area according to the design ; the larger allowance of one-third may 
be required for the tension diagonals of small girders ; a medium 
allowance of one-fourth for the tension diagonals of large girders 
and the tension flanges of small ones ; and an allowance of one-fifth 
for the tension flanges of large girders. 

408. AUowanee for stUffhers In parts In eompression Tarie« 
aeeordini^ to their seetionai areaA-Iiari;eeonipreMion flanges 
seldom require any allowaaee fbr stiflRtning* — Compression 
bracing requires large percentages. — The additional per- 
centage of material required to withstand flexure or buckling in 
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parts subject to compression is not so easily estimated. It will 
generally be found to diminish in proportion as the area of the 
part increases, for when the area is considerable a stiff form of 
cross section may be given with little or no extra material. This 
is frequently the case with the compression flange, especially in 
large girders. Long compression braces, however, require much 
extra stiffening, and the amount of this varies within considerable 
limits. In the Boyne Lattice Bridge the extra material required 
to stiffen the compression braces varied from 60 to 128 per cent, 
of the theoretic amount (calculated at 4 tons per square inch) which 
would have been required to resist crushing merely if flexure had 
been left out of consideration, the higher percentages being required 
in the central diagonals whose scantlings were small, since they had 
to sustain but slight strains. In bridges above 250 feet span, with 
two main girders and a double line of railway, a sufficiently close 
approximation will generally be made if we assume the extra 
quantity of material to resist flexure in the compression bracing 
equal to as much again as the theoretic quantity calculated by the 
formulae, but when the bridge is designed for a single line of railway 
this percentage is insufficient ; perhaps in this case twice the theoretic 
quantity would generally be a safe allowance, as the extra quantity 
required for stiffening the compression bracing of a single line 
bridge is not widely different from that required for the double line. 
400. AUowance ftor covers In llaiises Taries flrom 18 to 

15 per eeDt. of the fpross seetlOD. — The allowance for covers 
will also vary much with the design, long flange-plates requiring 
fewer covers than short ones (466), and piles of plates requiring 
a smaller percentage than cells (468). In the piled flanges of the 
Boyne lattice girders the covers formed about 12 per cent., or 
nearly ^th, of the plates and angle iron. In the cellular flanges of the 
Conway tubular bridge the covers of the compression flange formed 
5 per cent, of the plates and angle iron, and in the tension flange 
28 per cent. ; adding both flanges together the covers formed about 

16 per cent.* of the plates and angle iron. 

• Clark on the Tuhvlar Bridfjea, p. 586. 
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500. fistlmattiiff ylrdcr-work a teBtailTe proeess. — The 

process of estimating the quantities in any proposed bridge is 
tentative and depends upon experience, for it is necessary to 
assume a weight for the permanent bridge-load, and then make the 
calculations with the various practical allowances above mentioned. 
Now the resulting weight from this calculation may not agree 
with that which has been assumed. In this case the first estimate 
gives an approximation for a second calculation, and even a third 
may be necessary where great nicety is required. The following 
examples will illustrate this method of forming estimates : — 

Example 1. 

501. Donble-lliie lattice bridge 969 firei lea^. — I shall 
select for the first example a wrought-iron lattice bridge for a 
double line of railroad of the same length, depth and width as the 
central span of the Boyne Lattice Bridge, the weight of which is 
given in detail in the appendix. As the Boyne Bridge is a con- 
tinuous girder in three spans, its central span, of course, requires less 
mateml than a bridge of equal dimensions in one unconnected span. 

Let Z = 267 feet = the length measured from centre to 
centre of end pillars, 

rf = -^ = 22-25 feet = the depth, 

= 45® = the angle of the bracing, whence 

sec0. cosec0 = 2 (MS), 
/ = 5 tons tensile inch-strain of net section, 
/' = 4 tons compressive inch-strain of gross section, 
and let the width of platform between the main girders equal 24 
feet as in the Boyne Bridge. Let the maximum passing load equal 
1 ton per running foot on each line, equal 534 tons when covering 
both lines together, and let us assume that the permanent bridge-load 
equals 490 tons, which gives the total load supported by the girders, 

W = 534 + 490 = 1,024 tons. 
With this load uniformly distributed, the theoretic quantities of 
material (cqs. 202 and 204) are as follows, 4*6 cubic feet of wrought- 
iron being assumed equal to 1 ton. 
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Tons. I 

Tension bracing = 10^^x267 _ g^.gg ^^^^j^ ^^^ . _ ^OU 

^ 4x5x144 
Compression bracing (f ths of the tension bracing), 25*80 

Tension flange { «;i X tension bracing, eq. 204 j, - 82*56 

Compression flange (|tli8 of the tension flange), - 103*20 

Total theoretic weight, - - 232-20 

The true quantities are obtained from the foregoing by adding 
the percentages derived from experience, as follows. 

Tons. Tons. 

Theoretic tension bracing, - - - - 20*64 ( ^r.^^rj 


*64) 
•16$ 


Rivet holes, say ^th of net section, - - 5 

Theoretic compression bracing, - - - 25*80 ) k^.c(\ 
Add as much again for stifiening, ... 25*80 ) 
Theoretic tension flange, - . - . 82*56 ) qq./\7 
Rivet holes, say |th of net section, - - 16*51 S 

Covers of tension flange, say l^th of flange, - - 12*38 
Theoretic compression flange, ... - 103*20 

Covers of compression flange, say j^th of flange, - 12*90 

304*96 
Rivet heads, packings, waste (498j487), say 10 per cent., 30*49 


"Weight of Iron In the main girders, - - 33544 

35 road girders, 7 feet 5 inches apart, each 

1*32 tons (see Appendix, "Boyne Viaduct"), 46*20) 

Cross bracing ( do. do. ), 17*66) 

Weight of Iron between end pillars, ... 399-30 

6-inch planking of platform 24 feet wide, 

= 3,204 cubic feet, @ 50 cubic feet per ton, 640& 

Longitudinal timbers under rails, 12 inches i qAi./»e 

X 6 inches = 534 cubic feet, - - - 10*68 [ 

Barlow rails, 356 yards @ 100 lbs. per yard, - 15*89 


Permanent bridge-load between end pUlare, - 489'90 

* KoTB. — ^Tha theoretic quantity of material in the tension bracing is only one-half 
that gi^en by eq. 202, which represents the quantity for the whole web. 
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being 0*05 tons less than that assumed. In order to obtain the 

total weight of wrought-iron in the bridge we must add the weight 

of the 4 end pillars with their 2 road girders, 2 top cross ^rders 

and gussets (449), saj 30 tons in all, to the weight of iron between 

end pillars ; this makes the total weight of wrought-lron in the 

structure = 399*30 + 30 = 429-30 tons. 

In this example we find that 335*44 tons of iron are required in 

the main girders to support themselves and an additional load of 

688*56 tons uniformly distributed. Consequently each ton of 

335*44 
additional load uniformly distributed requires ^^^ ,^ = 0487 tons 

of iron in the main girders, and if an additional load of 100 tons of 
ballast were spread over the platform we should add 48*7 tons of 
iron to the main girders to support the weight of this ballast 
without the unit-strains being increased. 

509. Pcrmanciit strains — Strains flrom traln4oad — 
KcoBomy doc to continuity. — The permanent inch-strains, that 
is, the strains due to the permanent bridge-load of 489*95 tons are 
2*39 tons tension and 1*91 tons compression; those due to the main 
girders alone, weighing 335*44 tons, are 1*64 tons tension and 1*31 
tons compression, and those due to a train-load of one ton per 
running foot on each line uniformly distributed are 2*61 tons tension 
and 2*09 tons compression. The actual weight of iron in the main 
girders of the long central span of the Boyne Bridge = 297*41 
tons ; the difference between this and our example = 335*44 — 
297*41 = 38*03 tons, which represents the saving effected in the 
central span of the Boyne Bridge by its connexion over the piers 
with the side spans. As, however, this connexion causes a certain 
loss of material in the shorter side spans, the total amount of economy 
produced by continuity is probably less than that above stated 
(858). 


Example 2. 

508. ilinffle-linc latiiee bridge 400 Wtet lon^. — A wrought- 
iron lattice bridge for a single line of railway, 400 feet long from 
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centre to centre of end pillars, 25 feet deep and 14 feet wide 
between main girders, with the bracing at an angle of 45^. Using 
the same symbols as before, we have 

Z = 400 feet, 

d = ^ = 25 feet, 
16 

e = 45% 

/= 5 tons tensile inch -strain of net section, 
/' = 4 tons compressive inch-strain of gross section. 

Let the maximum train-load equal | ton per running foot (491), 
and assuming that the permanent bridge-load equals 1,300 tons^ 
we have the total distributed load, 

W = 300 + 1,300 = 1,600 tons. 

The theoretic quantities with their empirical percentages are as 
follows (eqs. 202, 204). 

Toub* Tom. 

Theoretic tension bracini? = -4 — ^ ^ .. = 

® 4x5x144 

222-2 cubic feet, @ 46 cubic feet per ton, - 48-3 ) 

Rivet holes, say one-fourth of net section, - 12*1 ) 
Theoretic compression bracing (|ths of theoretic 

tension bracing), - - - - - 604) 

Add twice as much for stiffening, - - - 120*8 ) 

Theoretic tension flange = l>60Qx^Xl6 ^ 

^ 12x5x144 

1,18518 cubic feet, @ 46 cubic feet per ton, 2576 ) 
Rivet holes, say J^th of net section, - - - 51-5 ) 

Covers, say ^th of flange, 38*6 

Theoretic compression flange (^ths of theoretic 

tension flange), 322*0 

Covers, say Jth of flange, 40*5 

951-8 
Rivet heads, packings, waste, say 10 per cent., - 95*2 

Iron In main girders, l,047-0 
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T011& 

Road girders zz 400 x0-18*ton8(45O), - - - 720 
Cross bracing, say 35 


"Welglht of Iron between end pUlars, - - 1,154"0 

Platform, rails, sleepers, and ballast = 400 x 0*36 

tons (450), 144-0 

Permanent teldge-load between end pillars, - 1,2980 

being 2 tons less than that assumed. If the 4 end pillars and 
cross girders over the abutments weigh 40 tons, the total weight 
of wroni^t-lron in the bridge = 1,154 + 40 = 1,194 tons. From 
this estimate it appears that 1,047 tons of iron are required in the 
main girders to support themselves and 553 tons in addition uni- 
formly distributed ; consequently each ton of additional load uni- 
formly distributed requires for its support ),,«. = 1*89 tons in the 

main girders. If, for instance, the maximum train-load be 1 ton in 
place of I ton per running foot, this uniformly distributed load will 
amount to 400 tons in place of 300 tons, that is, 100 tons more than 
has been assumed, and this will require 100 X 1'89 = 189 tons 
extra iron in the main girders for its support, and the increased total 
load on the bridge will be 289 tons, or nearly three times the useful 
addition. 

5(I4« fitralns doe to pemaiicnt lead — Strains doc to 
oceaslenal load. — The iron in the flanges, including the 10 
per cent, for rivet heads, packings and waste, weighs 781*2 tons; 
the iron in the web, also including the percentage for rivet heads, 
&c., weighs 265*8 tons ; consequently, each ton of useful load uni- 

781*2 
formly distributed requires ,,0 = 141 tons of iron in the flanges, 

265*8 
and -ffq- = 0*48 tons in the webs. The inch-strains due to the 

permanent bridge-load of 1,300 tons between end pillars are 4*06 
tons tension and 3*25 t^ons compression, while those due to a uni- 
formly distributed tiBin-load of | ton per running foot are 0*94 
tons tension and 0*75 tons compression. 
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Example 3. 

605. m%n§^»^lime lattice bridge 400 Weei lOBff, as la Ex. 9» 
bat with higher aidtHrtrafaui. — A wrought-iron lattice bridge 
of the same dimenfflons as the last, but in place of the inch-strains 
being 5 and 4 tons, let 

/= 6 tons tenfflle inch-strain of net section, 
/' = 5 tons compressive inch-strain of gross section. 
Assuming that the permanent bridge-load = 960 tons, we have the 
total distributed load, 

W = 300-*-960 = 1,260 tons. 
The quantities are as follows (eqs. 202, 204), 

ToD8. Tons. 

rrt X- * • u • 1260x400 

Theoretic tension bracms = i — ;? — tti = 

^ 4x6x144 

145-83 cubic feet, @ 46 feet per ton, - - 31'7 ) 
"Biyet holes, say ^th of net section, - - 7*9 ) 
Theoretic compression bracing (fths of theoretic 

tension bracing), 38"0) ic.^.rw 

•oj 


Add three times as much for stiffening,* - - 114 

126 0x400 x16 
X6x 


Theoretic tension flanee = 'V^^/^^^t7/^ = 

^ 12x6x144 


777*8 cubic feet, @ 4-6 cubic feet per ton, - 169* , 

"^ F- > I 202-9 




Rivet holes, say f th of net section, - - 33 

Covers, say Jth of flange, 25*4 

Theoretic compression flange (f ths of theoretic 

tension flange), - 202*9 

Covers, say |^th of flange 25*4 

648-2 
Bivet heads, packings, waste, say 10 per cent., - 648 

Iron In main girders, 7130 

* In this exMnple I allow three times, in place of twice, the theoretic amount, 
because the extra quantity of material required for stiffening the compression bracing 
is but slightly affected by the adoption of higher unit'Strains. 
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Tons, 

Road girders, as in last example, .... 72*0 

Cross bracing, say, 30*0 

"Weight of Iron between end pUlan, - 815-0 

Platform, rails, sleepers, and ballast, as in last, - 144*0 

Permanent bridge-load between end pUlara, 969-0 

being 1 ton less than that assumed. 

If the 4 end pillars and cross girders over abutments weigh 35 
tons, the total weight of wronght-iron in the bridge = 815 + 35 =r 
850 tons. The main girders in this example, weighing 713 tons, 
support themselves and an additional load of 547 tons uniformly 

distributed. Consequently each to nof useful load uniformly dis- 

713 
tributed requires for its support ^7^ = 1*304 tons in the main 

girders. The inch-strains due to the permanent bridge-load of 

6 X 960 
960 tons between end pillars = = 4-57 tons tension, and 

^ = 3*81 tons compression, while those produced by a 

uniformly distributed train-load of | ton per running foot are 1*43 
tons tension and 1*19 tons compression. Comparing this with the 
preceding example, we find a saving in the main girders equal 
to 1,047 — 713 = 334 tons, or nearly 47 per cent, of the lighter 
bridge. The saving may even be greater than this, since I have 
neglected any reduction in the weight of the road-girders due to 
higher unit-strains. 

506. Crreat economy fh*om hii^h onltHStralns In longf 
fflrdcrs — (iieel plates. — The two last examples illustrate the 
great economy produced in large girders by adopting high unit- 
strains. In place of the weights of the main girders being in the 
inverse ratio of the unit-strains, as might be supposed at first sight, 
we find that they vary in a much higher ratio, at least in large 
bridges where the main girders form a large proportion of the total 
load. Economy from the adoption of high imit-strains will be 
chiefly marked in the flanges and tension bracing, owing to the 
necessity of having a certain amount of material to stifien the 
compression bracing, no matter how high the ultimate crushing 
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strength of the material may be. Even a better method of riveting 
or jointing may produce a very important saving in a large girder 
by not requiring so many holes in the tension plates, or such large 
covers at the joints (466). Steel plates, which are now roanu- 
&ctured at a cost not much exceeding that of the better kinds of 
iron, but from once and a half to twice as strong as the latter, will, 
doubtless, enable the engineer to construct girders over spans which 
have been hitherto impracticable. The tensile strength of steel is 
known ; it is to be hoped that satisfactory experiments will be made 
to determine its stiffness, that is, its strength to resist flexure when 
in the form of long pillars — an essential element in its application 
to girder-work (4§5). 

509. SuspeiwIeB principle applicable to larger spaas tbaa 
girders. — We are now in a position to understand how suspension 
bridges can be built over spans far exceeding those to which rigid 
girders are applicable, for not only are there no compressive strains 
in the webs of suspension bridges, but the compression flange 
the girder is superseded by land chains, and the structure between 
the piera is thus relieved of the weight of one flange. Moreover, 
the material used is generally of such an excellent quality that 
it is capable of sustaining with safety a higher unit-strain than 
ordinary plate-iron (4§0), and there is also a less percentage of 
material requii*ed for the joints of suspension chains, as pins passing 
through enlarged eyes in the ends of long links supersede the ever- 
recurring rivets of plated work, and the whole intermediate section 
of the link is thus available for tension without waste. 

Example 4. 
508. Slnffle-Une lattice bridge 400 feet loafr^ with In- 
creased deptli* — The preceding example illustrates the great 
economy efiected in large girders by the adoption of a high unit- 
strain. Let us now examine the result of a slight increase of 
depth, all the other dimensions and the unit-strains remaining the 
same as in Example 2, but in place of the depth being 25 feet, 
ue.f one-sixteenth of the length, let 

d = J^ = 26-67 feet. 
15 


>t 
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Assuming the permanent bridge-load to be 1190 tons, we have 
the total distributed load, 

W = 300+1190 = 1490 tons. 
The quantities are as follows (eqs. 202, 204). 

Tons. ToDi. 

rpu *• . • u • 1490x400 

Iheoretic tension bracmg = . , ^ . . = 

207 cubic feet, @ 46 feet per ton, - - 450 ) 
Rivet holes, say ^th of net section, - - - 11 "2 J 
Theoretic compression bracing (|ths of theoretic 

tension bracing), 56*2 ) ^ ^^ 

Add for stiffening the same as in Ex. 2,* - 120*8 ) 

rpu ^' ^ ' a 1490x400x15 

Iheoretic tension nanG:e = —tk — e — ttj— = 

^ 12x5x144 

1034*7 cubic feet, @ 4*6 feet per ton, - - 2250) 
Rivet holes, say Jth of net section, - - - 45*0 ) 

Covers, say ^th of flange, 33*7 

Theoretic compression flange (^ths of theoretic 

tension flange), 281*2 

Covers, say ^th of flange, 85*1 

852*2 
Rivet heads, packings, waste, say 10 per cent., - 85*2 

Iron In main girders, 937*4 

Road girders, as in Ex. 2, 720 

Cross-bracing, do., 35*0 

"Weight of Iron between end pUlare, - 1044*4 

Platform, rails, sleepers, and ballast, as in Ex. 2, - 144*0 

Permanent bridge-load between end pUlara, 1188*4 

being 1*6 tons less than that assumed. 

If the four end pillars and cross girders over the abutments weigh 

* In place of adding, as usual, twice the theoretic amount for stiffening, viz., 
2X56*2 = 112'4 tons, I have assumed that this example requires the same quantity 
as Ex. 2, for though the load in this example is less, yet the length of the compression 
bracing is greater than in Ex. 2, and the assumption in the text, therefore, will 
be probably not far from the truth. 

2 F 
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40 tons, the total weight of wroni^t-lron in the bridge = 

1044*4 + 40 = 1084*4 tons. In this example the main girders, 

weighing 937*4 tons, support themselves and 552*6 tons uniformly 

distributed. Consequently each ton of useful load uniformly 

937*4 
distributed requires for its support =1-7 tons nearly in the 

main girders. 

509. PcnnaiicBt strains — Straimi from train-load. — ^The 
inch-strains due to the permanent bridge-load of 1190 tons between 

end pilkrs = ^-j^^ = * tons tension, and ^^S^ = 3*2 tons 

compression. The inch-strains due to the main girders, weighing 

i^onA^ 5x937*4 ^-.. ^ . ,4x937*4 ^ -^ 

937*4 tons, = ^ qq = 314 tons tension, and — . .qq = 2*52 

tons compression. The inch-strains due to a train-load of | tons 

5x300 
per running foot over the whole bridge = .. .^^ =10 ton 

^ . ,4x300 ^^^ 

tension, and ^.^^ = 0*8 tons compression. 

510. Wel|pht» of laripe ylrdera do not Tary InTcmely as 
their depth. — Comparing this with Ex. 2, the saving of material 
in the mwn girders = 1047 — 937*4 = 109*6 tons. We find 
therefore that the weights of the girders in these two examples 
are inversely as the 1*7 power of the depths, but this particular 
proportion is accidental (519). 

Example 5. 

511. Sini^e-lliie lattlee hrldye 480 fret Ioii|p. — A wrought- 
iron lattice bridge for a single line of railway, 480 feet long from 
centre to centre of end pillara, 30 feet deep, and 14 feet wide 
between main girders. Using the same symbols as in Ex. 1, we 
have, 

; = the length = 480 feet, 

d = the depth = y^ = 30 feet, 

=: 45° = the angle the diagonals make with a vertical line, 
fzz5 tons tensile inch-strain of net section, 
/' = 4 tons compressive inch-strain of gross section. 
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Let the maximum passing load = | ton per running foot (401), 
and assuming that the permanent bridge-load weighs 2760 tons, 
we have the total distributed load, 

W = 360 + 2760 = 3120 tons. 
The quantities are as follows (eqs. 202, 204). 

Tons. Tom. 

rpk 4- ^ • u • 3120x480 .o^ 

jLheoretic tension bracmg = j — ^ — =-7-r = 520 

4 X X 14.4 

cubic feet, @ 4'6 feet per ton, - - 113*0) 1A^.a 

Rivet holes, say ^th of net section, - - 28*3 ) 

Theoretic compression bracing (|ths of theoretic 

tension bracing), 141-3) ^^^^ 

Add twice as much for stiffening,* - - 282*6 ) 

rpu *• * • ^ 3120x480x16 

Theoretic tension flange = — rs — c — ttj— = 

^ 12x5x144 

2773*3 cubic feet, @ 4*6 feet per ton, - 6029 ) 

Rivet holes, say f th of net section, - - 120*6 ) 

Covers, say |^th of flange, 90*4 

Theoretic compression flange (|ths of theoretic 

tension flange), 753*6 

Covers, say J^th of flange, 94*2 

2226*9 
Rivet heads, packings, waste, say 10 per cent., - 222*7 

Iron In main girders, 2440-6 

Road gurders = 480 X 018 tons (450), - - 86*4 
Cross-bracing, t 50*4 

Weight of Iron between end pillars, - - 2586*4 

* TbiB mllowanoe for stiffening is probably exoeiriTe. 

t The quantity of orow-bracing is proportional to W2 (eq. 202), whero W reprewnts 
the presaare of the wind against the aide of the bridge; if this pressore be assumed 
proportional to the product of length and depth, which is the cue in plate girden, 
the quantity of crose-braciDg in similar girders will vary as P. As, howeyerj the side 
surface of similar lattice girders does not in general increase so rapidly as ^, and m 
also the empirical percentages are somewhat less in large than in small bridges, it will 
probably be nearer the truth to assume that the quantity of oroes-braoing is proportional 
to the square of the length. li^ therefore, a bridge 400 feet long (Ex. 2), require 86 

tons, one 480 feet long will require 86 X || = 604 tons. 
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Tons. 

IVetfflit off Iron between end pUlan, 2686*4 

Platform, rails, sleepers, and ballast = 480 X 

0-36 tons (450), 1728 

Permanent bridge-load between end pillars, - 2769-2 

being 0*8 tons less than that assumed. If the weight of the four 

pillars and cross girders at the ends be assumed equal to 70 tons, 

the total welgbt off wronght-lron in the bridge will equal 70 + 

2586-4 = 2666*4 tons (449). 

5M. Permaiient straine — fitrains ttown train-load. — The 

inch-strains due to the permanent bridge-load of 2760 tons between 

, .„ 5x2760 .,„. ^ . ,4x2760 ^ - . 

end pillars are ... w. = 4*42 tons tension, and »^^ = 3*54 

tons compression. The inch-strains due to the main ^rders, 

5 X 2449'6 
weighing 24496 tons, are — ^ToTi — = ^'^^ ^^^^ tension, and 

4x2449*6 

— KTiu\ — = 3*14 tons compression. The inch-strains due to a train- 

5 X 360 
load of I ton per running foot over the whole bridge = o.,.^ = 

4 X 360 
0*576 tons tension, and ^.^^ = 0*46 tons compression. 

518. Waste of material in dcfeetlTe desiirns. — ^In this ex- 
ample 2449*6 tons of iron in the main girders support themselves 
and an additional load of 670*4 tons uniformly distributed over the 
bridge. Consequently each ton of useful load requires for its 

support ^-^ . = 3*65 tons of iron in the main girders. This 

illustrates the great waste of material produced by defective 
designs for large bridges, since every ton of iron uselessly added 
involves the necessity of adding 365 other tons for its support, 
making collectively upwards of 4^ tons which might be saved were 
the design skilfully planned. 

Example 6. 

514. ilinffie-iine lattiee bridge 480 f^t lonffj as in Kx. 5^ 
but with higher nnit-stralns. — A wrought-iron lattice bridge of 
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the same dimensions as the last, but in place of the inch-strains 
being 5 and 4 tons respectively, 

Let/ = 6 tons tensile inch-strain of net section, 

/' = 5 tons compressive inch-strain of gross section. 
Assuming that the permanent bridge-load equab 1710 tons, we 
have the total distributed load, 

W = 360 + 1710 =z 2070 tons. 
The quantities are as follows (eq. 202, 204). 

Tons. Tons. 

rvu 4.' ^ * u • 2070x480 

iheoretic tension bracmcr = - — ^ — =-i-r = 

® 4x6x144 
287-5 cubic feet, @ 46 feet per ton, - 62 5 ) 

Rivet holes, say :Jth of net section, - - 15'6 J 

Theoretic compression bracing (f ths of theoretic 

tension bracing), 750 ) ^^^ 

Add three times as much for stiffening,* - 225*0 ) 

rru ^- ^ • ^ 2070x480x16 

Theoretic tension flange = — ^tc — t. — , . .-- = 

® 12x6x144 

1533-3 cubic feet, @ 4-6 feet per ton, - 333-3) 

Rivet holes, say Jth of net section, - - 66*7 ) 

Covers, say Jth of flange, 50*0 

Theoretic compression flange (f^ths of theoretic 

tension flange), 400*0 

Covers, say Jth of flange, 50*0 

12781 
Rivet heads, packings, waste, say 10 per cent., - 127*8 

Xron In main girders, 1406"9 

Road girders, as in last example, .... 86*4 
Cross-bracing, say, 450 

Weight of Iron between end pillars, ... 1637*8 

Platform, rails, sleepers, and ballast, as in last, - 172*8 

Permanent brldge-lCMMl between end pillars, 1710"1 

being 0*1 ton greater than that assumed. 


ft 


See note to Ex. 3, p. 420. 
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If the four pillars and cross girders at the ends weigh 50 

tons, the total weight of wrouglit-Jroii in the bridge will equal 

50 + 1537*3 = 1587*8 tons. In this example the msin girders, 

weighing 1405*9 tons, support themselves and an ad<Utional load 

of 664*1 tons uniformly distributed. Consequently each ton of 

• • 1405*9 

useful load requires for its support ^^. .. = 2*117 tons in the 

main ^rders. 

515. RerauuieBt tftndmm — Straimi itom traiB4iMUL — The 

inch-strains due to the permanent bridge-load of 1710 tons 

u^ ^ -n 6x1710 .Q^. ^ . ,5x1710 

between end pillars = aMf^ = *'96 tons tension, and ^.„^ 

= 4*13 tons compression. The inch-strains due to the main 

6 X 1405*9 
girders, weighing 1405*9 tons, are — ^^„^ = 4*08 tons tension, 

5 X 1405*9 
and — Qf\'7i\ — = 3*^ ^°® compression. The inch-strains due to a 

uniformly distributed train-load of | ton per running foot over the 

, , ,., 6x360 -^. ^ ^ . ,5x360 ^^„ 

whole bridge are q^-^ = 1*04 tons tension, and ^.„^ = 0*87 

tons compression. 

518. Cireat eeOMoniy ftam blgli onltHitrafaui Im larire 
Blrdenu — The economy effected in large ^rders by the adoption 
of high unit-strains is very marked in this example. Compared 
with the preceding example, the saving amounts to 2656*4 — 
1587*3 = 1069*1 tons, or nearly 68 per cent, of the lighter bridge. 

Example 7. 

519. SlBirle-llne lattice bridge 480 Wtet loar» as In Kx. 5, 
tat with inercaaed depth. — The previous example illustrates the 
great economy in large bridges due to the use of a material capable 
of sustuning high unit-strains with safety. We shall now examine 
the effect of a slight increase of depth, all the other dimensions and 
the unit-strains remaining the same as in Ex. 5. In place of the 
depth being 30 feet, or -ji^th of the length, let 

d = 7^ = 32 feet, 
lo 


CHAP. XXVII.] ESTIMATION OP GIRDBB-WORK. 429 

Assuming the permanent bridge-load to be 2435 tons, we have the 
total distributed load, 

W = 360 + 2435= 2795 tons. 
The quantities are as follows (eqs. 202, 204). 

Tons. Tom. 

m. ^' ^ * u • 2795x480 

Theoretic tension bracmg =z . , ..^ = 

465*8 cubic feet, @ 46 feet per ton, - - 101-3 ) ^ 

Kivet holes, say j^th of net section, * - 25*3 ) 

. Theoretic compression bracing (|ths of theoretic 

tension bracing), 126-6 ) aoq-o 

Add for stiffening the same as in Ex. 5,* - 282*6 ) 

rp, *.../, 2795x480x15 

iheoretic tension flanse = —rs — ^ ^ tiA — = 

® 12x5x144 

2329 cubic feet, @ 46 feet per ton, - - 506-3 ) 
Kivet holes, say ^th of net section, - - - 101-3 ) 

Covers, say ^th of flange, 76*0 

Theoretic compression flange (|ths of theoretic 

tension flange), 632-9 

Covers, say Jth of flange, 79-1 

1931-4 
Rivet heads, packings, waste, say 10 per cent., - 193*1 

Iroii In main girders, 2124-6 

Koad girders, as in Ex. 5, 86-4 

Cross-bracing, do., 50*4 

Weight of Iron between end pillars, - - 2201*8 

Platform, nuls, sleepers, and ballast, as in Ex. 5, - 172*8 

Pennanent bridge-load between end pillars, - 2434-1 

being 0*9 ton less than that assumed. 

I£ the four pillars and cross girders at the ends weigh 70 
tons, the total weight of wronght-lron in the bridge will equal 
70+2261-3 = 2331-3 tons. The main girders, weighing 2124*5 
tons, support themselves and 670*5 tons uniformly distributed. 

* See note to Ex. 4, p. 423. 
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Consequently each ton of useful load uniformly distributed requires 

2124*5 
for its support ^-^ , = 3*17 tons in the main girders. 

518. Pemanent strains — Strains dae to train-load. — The 

inch-strains due to the permanent bridge-load of 2434 tons between 

* .,, 5x2434 .„-. . . ,4x2434 ^.^ 

end pillars = ^-q, = 4 35 tons tension, and ^^qk = ^"^8 

tons compression. The inch-strains due to the main girders, weigh- 

• oio>ir:* 5x2124-5 «^^ ^ . ,4x2124-5 

mg 2124*5 tons = — :^jq^ — = ^'^ ^^^ tension, and — afjqK — = 

3*04 tons compression. The inch-strains due to a train-load of f 
ton per running foot over the whole bridge = ^.q, = 064 

tons tension, and c>7Q7 = 0*51 tons compression. 

519. Weiirl^ts of large ilrders do not Tary InTorsely as 
their deptb. — Comparing this with Ex. 5, the saving effected in 
the main girders by a slight increase of depth = 2449*6 — 2124*5 
= 325 1 tons. We find also that the weights of the girders in 
these two examples are inversely as the 2*2 power of their depths 
(500). 

Example 8. 

520. 9lni^e-llne lattice bridge 600 Wtet lony. — A wrought- 
iron bridge for a single-Hne of railway, 600 feet long between 
centres of end pillars, 37*5 feet deep, and 14 feet wide between 
main girders. UsiDg the same symbols as in Ex. 1, we have, 

I = 600 feet, 

d = 4 = 37-5 feet, 
lb 

e = 45^ 

/ = 5 tons tensile inch-strain of net section, 
/' = 4 tons compressive inch-strain of gross section. 
Let the maximum passing load = f ton per running foot, and 
assuming that the permanent bridge-load weighs 9100 tons, we 
have the total distributed load, 

W = 450 + 9100 = 9550 tons. 
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The quantities are as follows (eqs. 202, 204). 

TonB. Tons. 

,p, ^. ^ . , . 9550x600 

Theoretic tension bracing = ^^ — . — =-7-7 = 

® 4 X 5 X 144 

1989-6 cubic feet, @ 46 feet per ton, - 432*5 ) 
Kivet holes, say ^th of net section, - - 108*1 J 
Theoretic compression bracing (^ths of theoretic 

tension bracing), 540*6 ) jQgj.g 

Add as much again for stiffening,* - - 540*6 ) 

rp, ^- * • ii 9550x600x16 

Theoretic tension flange = — r-r — ^ ^ . . . = 

^ 12x5x144 

10,611 cubic feet, @ 4*6 feet per ton, 2306-7 ) 

Brivet holes, say Jth of net section, - - 461*3 ) 

Covers, say Jth of flange, 3460 

Theoretic compression flange (fths of the 

theoretic tension flange), 2883*4 

Covers, say ^th of flange, 360*8 

• 79800 
Kivet heads, packings, waste, say 10 per cent., - 798*0 

Zron In main girders, 8778*0 

Boad girders = 600 X 0*18 tons (450), - - 1080 

Welgbt of iron between end pillars, - 8886-0 

Platform, rails, sleepers, and ballast = 600 X 

0*36 tons (460), 216*0 

Permanent bridge-load between end pillars, 9102-0 

being 2 tons in excess of that assumed. 

No allowance has been made for cross-bracing, for the sectional 
area of the flanges is so great that they would probably extend 
over the whole space between the main girders so as to form a 
tubular bridge (18), and thus supersede the usual cross-bracing 
formed of cross-beams and diagonal tension bars. If the four end 

* The quantity of material in the web is 80 large that it can be thrown into a form 
saitable for resisting flezare without much extra stiffening ; I have therefore added 
only half the percentage for stiffening that was adopted in most of the preceding cases. 
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pillars and cross-girders at the ends be assumed equal to 200 tons, 
the total welgbt of wrouglit-lroii in the bridge will equal 200 + 
8886 = 9086 tons. In this example 8778 tons of iron in the 
mun girders support themselves and an additional load of 772 
tons uniformly distributed over the bridge. Consequently each 

• • . 8778 

ton of useful load requires for its support --^ = 11*37 tons of 

iron in the main girders. 

521. Permanent strains — Strains dne to traln-hiad. — The 

inch-strains due to the permanent bridge-load of 9100 tons between 

, .„ 5x9100 .-^. , . ,4x9100 «Q- 

end pillars are q,,^ = 4-76 tons tension, and q,-^ = 3-81 

tons compression. The inch-strains due to the main girders, 

• u- OTTQ* 5x8778 ,^. . . ,4x8778 
weighing 8778 tons, are q^.,^ = 4*6 tons tension, and q, ^ 

= 3*67 tons compression. The inch-strains due to a train-load 

5x450 
of I ton per running foot over the whole bridge = g^,^ = 0*235 

4 X 450 
tons tension, and q,,^ = 0*188 tons compression. 

Example 9. 

5M. Slnffle-line lattlee bridge 600 ftet lon^j as In Kx. 8j 
bnt with bli^er nnlt-stralns. — ^A wrought-iron bridge of the 
same dimensions as the last, but in place of the inch-strains being 
5 and 4 tons, 

Let/= 6 tons tensile inch-strain of net section, 

y = 5 tons compressive inch-strain of gross section. 
Assuming that the permanent bridge-load = 3800 tons, we have 
the total distributed load, 

W = 450 + 3800 = 4250 tons. 
The quantities are as follows (eqs. 202, 204). 

Tons. Tons. 

4250x600 


Theoretic tension bracinfir = . ^ , — 

^ 4x6x144 

737*8 cubic feet, @ 46 feet per ton, - - 160 

Rivet holes, say ^th of net section, - - 40 


•4) 
•1) 


200-5 
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Tons. Toxui. 

Theoretic compression bracing (fths of the 

theoretic tension bracing) - - - - 192-5 / 577.5 

Add twice as much for stiffening, - - - 385*0 J 

rvu .• . • ii 4250x600x16 _ 

Theoretic tension flange = 12 v6xl44 

3935-2 cubic feet, @ 46 feet per ton, - 8555 ) jq26-6* 
Eivet holes, say }th of net section, - - 171*1 ) 

Covers, say Jth of flange, 128*3 

Theoretic compression flange (f ths of theoretic 

tension flange), 1026*6 

Covers, say ^th of flange, ----- 128*3 

3087*8 
Rivet heads, packings, waste, say 10 per cent., - 308*8 

Iroii In main girders, 8896-6 

Boad girders, as in last example, - - - - 108*0 
Cross-bracing,* 788 

Welglit of iron between end plllara, - - 8588*4 

Platform, rails, sleepers, and ballast, as in last 
example, 216*0 

Pennanent teldge-load between end pillars, - 8798*4 

being 0*6 tons less than that assumed. 

If the four pillars and cross girders at the ends weigh 100 
tons, the total weight of wrongbt-iron in the bridge will equal 
100x3583*4 = 8688*4 tone. In this example the main girders, 
weighing 3396*6 tons, support themselves and an additional load 
of 853*4 tons uniformly distributed. Consequently each ton of 

3396*6 
useful load requires for its support ^-^.^^ = 3*98 tons in the main 

girders. 

588. Permanent siraine — Strains dne to train-load. — 

The inchnstrains due to the permanent bridge-load of 3800 tons 

,. , .„ 6x3800 .«^. . • ,5x3800 

between end pillars = aoko == ^'^^ ^^^ tension, and .q,^ 

= 4*47 tons compression. The inch-strains due to the main 

* See note to Example 5, p. 425. 


( 
t 
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girders, weighing 33966 tons, are — TiTKfi — = *'8 tons tension, 

and — tV^o — ^ *^ ^^^ compression. The inch-strains due to 
a uniformly distributed tndn-load of { ton per running foot over the 

whole bridge =z . .-^ = 0*64 tons tension, and .^^.^ = 0*53 

tons compression. 

584. Cireat eeoaomy 11*0111 M^gh oMlt-straliis in wery latrge 
giHLerfn. — The economy due to the adoption of high unit-strains 
in girders of great size, whose permanent weight forms by far the 
larger portion of the total load, is very conspicuous in this example. 
Compared with the preceding example, the saving amounts to 
9086 — 3683-4 z= 5402*6 tons, or nearly 147 per cent, of the 
lighter bridge (516). 

Example 10. 
525. Slnirle-lliie lattice bridire^ 600 feet lonvj as In Kx. 
85 bat with Increased depth. — ^Let us now examine the effect 
of a slightly increased proportion of depth to span. In Ex. 8 the 
depth is ^th of the length ; let the proportion now be iVth, and 
retaining all the other dimensions and unit-strains as before, we have 
/ = 600 feet, 

d = -[ = 40 feet, 
15 

e = 45^ 

/ = 5 tons tensile inch-strain of net section, 
/ = 4 tons compressive inch-strain of gross section. 
Let the passing load equal { ton per running foot, and assuming 
the permanent bridge-load to equal 6800 tons, we have the total 
distributed load, 

W = 450 + 6800 = 7250 tons. 

The quantities are as follows (eqs. 202, 204). 

ToDB. Tons. 

m. ^ ^ ' u ' 7250x600 

Theoretic tension bracmg = j — - — =-tj = 

1510-4 cubic feet, @ 46 feet per ton, 328'4 ) 

Rivet holes, say ^th of net section. - - 82'1 ) 
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Tons. Tons. 

Theoretic compression bracing (^ths of 

theoretic tension bracing), - - - 410'5) qr^.i 

Add for stiffening the same as in ex. 8,* - 540*6 ) 

^, .• . • n 7250x600x15 

Iheoretic tension nange = —^r^ — ? — ^-ji — = 

^ 12 X 5 X 144 

75521 cubic feet, @ 46 feet per ton, 16418) ^0702 
Rivet holes, say Jth of net section, - - 328*4 ) 

Covers, say ^th of the flange, - - . - 246*3 
Theoretic compression flange (|ths of theoretic 

tension flange), 2052*2 

Covers, say ^th of flange, 256*5 

5886*8 
Rivet heads, packings, waste, say 10 per cent., - 588*7 

Xron In main girders, 6476-6 

Road girders, as in Ex. 8, 108*0 

Weight of Iron between end pUlare, - 6683-6 

Platform, rails, sleepers, ballast, as in Ex. 8, - - 216*0 

Permanent bridge road between end plllara, - 6799*6 

being 1*5 tons less than that assumed. 

If the four pillars and cross girders at the ends weigh 160 tons, 
the total weight of wrought-lron in the bridge will equal 
160+6583*5 = 6743'6 tons. 

The main girders, weighing 6475*5 tons support themselves 
and 774*5 tons uniformly distributed. Consequently each ton 
of useful load uniformly distributed requires for its support 

— — - = 8*36 tons in the main girders. 
774-5 ^ 

586. Permanent Strains — Stralne doe to train-load. — 

The inch-strains due to the permanent bridge-load of 6800 tons 

, , J .„ 5x6800 .na. . . ,4x6800 

between end pillars = = 4*69 tons tension, and — 

= 3*75 tons compression. The inch-strains due to the main 

* See note to Ex. 4, p. 428. 
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5x6475*5 
girders weighing 6475"5 tons are \1 ^ — = 4*47 tons tension, 

and ^ ^ = 3-57 tons compression. The inch-strains due to 
7250 ^ 

a uniformly distributed train-load of f ton per running foot over the 

.^-^ = 0-31 tons tension, and ^4^ 
7250 "" "^ ^'^ '^"^ *^ ^"^ ' 2250 


whole bridge are -^^ = 031 tons tension, and *|^ = 0248 


tons compression. 

529. WHflits «ir larye |4r4en do not Tary iBTersdj am 
aay deflnltc power of thdr depth. — From this example we see 
that very considerable economy is effected in girders of great size, 
whose permanent weight forms the larger portion of the total load, 
by increasing the ratio of depth to length, even in a slight degree. 
Compared with Example 8, the saving in the main girders = 8778 
— 64755 = 2302-5 tons, and the weight of these prders are in- 
versely as the 4*7 power of their depths. 

528. Kxtra braetair required Ibr passiar loads eaauot 
lie aeffleeted In snuili brldires. — The examples given in the 
preceding pages are those of large bridges, exceeding 250 feet in 
span, in which the permanent bridge-load forms such a large portion 
of the total load that I have neglected the extra material required 
for counterbracing the web so as to enable it to meet the maximum 
stnuns produced by the passing load when in motion. This is 
allowable, since the empirical additions for stiffening the com- 
pression bracing are probably in excess of those actually required 
in large girders. In short girders, however, it is necessary to 
make some allowance in the bracing for the load being in motion 
in place of being uniformly distributed, and there is, moreover, a 
greater proportion of waste both in the flanges near the ends and 
in the web near the centre, than in large girders (428, 4SV). 
Hence the allowance for waste, &c., will be more than 10 per cent. 

The following example mil illustrate this matter: — 

Example 11. 
589. SlBsle^ine lattice bridge 109 feet lomg. — A wrought- 
iron lattice bridge for a single line of railway, 108 feet long, 9 feet 
deep, and 14 feet wide between main ^rders. Using the same 
symbols as in Ex. 1, we have 
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/ = 108 feet, 
d = ~ = 9 feet, 

e = 45°, 

/ = 5 tons tensile inch-stndn of net section, 
f =: 4t tons compressive inch-strain of gross section in the 
flanges, and 3 tons in the bracing (4§]). 
Let the maximum passing load = 1*32 tons per running foot (409), 
and assuming that the permanent bridge-load = 105 tons, we have 
the total distributed load, 

W = 143+105 = 24^ tons. 
The quantities are as follows (eqs. 102, 104). 

Tom. Tons. 

Theoretic tension bracing = -j — = — =-7-r = 

^ 4x5x144 

9*3 cubic feet, @ 4*6 feet per ton, - - 2*02 ) g.gq 
Rivet holes, say Jrd of net section, - - "67 ) 

Theoretic compression bracing, (|rds of the 

theoretic tension bracing), ... 3*37 

Add twice as much for stiffening and counter- \ 10*11 

bracing (5»8), 6-74 

248 X 108 X 12 


Theoretic tension flange = 


12x5x144 


37-2 cubic feet, @ 4*6 feet per ton, - - 809 ) jq.^^ 
Rivet holes, say ^th of net section, - - 2*02 ) 
Covers, say ^th of the flange,* .... l«68 
Theoretic compression flange (|ths of the theo- 
retic tension flange), 10' 11 

Covers, say Jth of the flange, .... 1-68 


36*38 
Rivet heads, packings, waste, say 25 per cent. (528), 9*09 


Iroii In main gfrders, 46*47 

* In large girders it is important to diminish the dead load as mnoh as possihle, and 
it is therefore worth paying extra for large plates so as to diminish the percentage for 
coyen (444). This, however, is not the case with small girders; hence the percentage 
of ooTers is larger in this than in the preceding examples. 
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Tons. Tons. 

Zron In main girders, 46*47 

Koad girders = 108x018 tons (450), - - - 1944 
Cross-bracing, say, 100 

Zron between end pillars, 66-91 

Platform, rails, sleepers, ballast = 108 X 0*36 

tons (450), 38-88 

Permanent bridge-load between end pillars, 104^0 

being 0*21 ton less than that assumed. If the four end pillars 
weigh 1^ ton the total weight of wronght-lron in the bridge 
will equal 65'91 + 1'5 = 67*41 tons. In this example the main 
girders, weighing 45'47 tons, support themselves and an additional 
load of 202*53 tons uniformly distributed over the bridge. Con- 
sequently each ton of useful load uniformly distributed requires for 

45*47 
its support ^ ^ = 0*2245 tons of iron in the main girders. 

580. Permanent strains — Strains dne to train-load. — 

The inch-strains in the flanges, due to the permanent bridge-load 

of 105 tons are ^^ = 2-12 tons, tension and ^,^ = 17 

tons compression. The inch-strains due to the main girders alone 

• 1- AKA^j, 5x45*47 nnoi. X • ,4x45*47 

weiffhmg 45*47 tons are — -,-^r — = 0*92 tons tension, and —~j- — 
^ => 248 248 

= 0*73 tons compression. The inch-strains in the flanges due to a 

uniformly distributed train-load of 1*32 tons per running foot over 

the whole bridge are — rr^-r = 2*88 tons tension, and ^,,^, = 

^ 248 248 

2*3 tons compression. 

581. Error In assominr tlie permanent load nniformi j dis- 
tributed In iari^e girders. — In the foregoing examples it has been 
tacitly assumed that the weight of the main girders is uniformly dis- 
tributed. This is erroneous, because there is a preponderance of 
material in the flanges at the centre. It is true that the amount of 
bracing, both in the web and in the horizontal bracing, increases 
towards the ends and thus to a great degree compensates for the varia- 
tion of section in the flanges. Still the difiiculty remains in the case of 
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very large girders whose own weight forms the greater portion of 
the total load, and this preponderance of flange weight near the 
centre is the chief reason why single girders are less economical than 
continuous ones when the span is very great (M8). 

M2« Bmplrieal perceBtages open to ImproTemcBt. — The 
empirical percentages adopted in the foregoing examples may 
perhaps be objected to, and it must be confessed that they are 
liable both to criticism and to correction firom future experience. 
I have, however, made the most of the few recorded &cts on which 
dependence can be placed, and would here suggest to my brother 
engineers that they should, as opportunity occurs, place on record in 
a tabular form the detailed weights of wrought-iron and steel girders, 
in order that this branch of our practice may attain that amount of 
precision that such statistical information alone can supply. In 
furtherance of this desirable object I have added in the Appendix 
the detailed weights of the Boyne Tubular Lattice Bridge, which I 
collected when resident there, and also the details of the Conway 
Tubular Plate Bridge, and the principal features of a few others. 

The examples in the present chapter indicate the direction in 
which improvements in constructive detail may be sought with most 
prospect of success. In very large girders this is a matter of great 
importance, for even a very slight diminution of any of the 
empirical percentages may effect a large amount of economy. 

5M« ITatlinie of the material greater In Ioh^ than In short 
hridyes. — Though the maximum unit-strains may be the same in 
two bridges, one long and the other short, the permanent unit- 
strains, that is, ikQ fatigue of the material from the permanent load 
(494), will be much higher in the bridge of great span. Thus, 
comparing 504 and 580, we find that the fatigue or permanent 
inch-strains of a railway bridge 400 feet long are 4*06 tons tension 
and 3'25 tons compression, while the corresponding inch-strains of 
a bridge 108 feet long are 2*12 tons tension and 1*7 tons com- 
pression. If iron possessed unlimited viscidity, that is, the property 
of slowly and continuously changing shape like pitch under pro- 
longed stnuns of moderate extent, it seems reasonable to suppose 

that the longer bridge would fail sooner than the short one in 

2 G 


440 ESTIMATION OF GIRDER-WORK. [CHAP. XXVII. 

consequence of its progressive deflection increasing more rapidlj 
(4<I5). Experience does not fkvour this hypothesis, for though 
experiments render it probable that all ductile metals will change 
shape to an imlimited extent under enormous pressure, in this 
respect resembling plastic day, it seems equally certain that no con- 
tinuous deformation takes place in structures whose nnit-struDs are 
kept well within the limits of elastidty (412.) Again, it is con- 
ceivable, nay probable, that severe fatigue (especially if uded by 
vibration) may so alter the constitution of iron as to weaken parts 
in tension, either by rendering them brittle or by actually diminish- 
ing their tensile strength (410). If this were the case within the 
limits of strain which occur in practice the longer bridge should 
still fail first. K, on the other hand, large fluctuations in the 
amount of strain afiect the molecular condition of iron injuriously, 
and produce a tendency to rupture, then the short bridge should 
fail sooner. The experiments recorded in Chap. XXVI. will 
prevent anxiety in either case when the working strains do not 
exceed those in usual practice. 

GIRDERS UNDER 200 F£^T IN LENGTH. 

5S4. ITlanves Meaii j equal In wel^M to each othcTj aaA 
web nearly eqnal In welgiit to one flanfce. — ^When an iron 
lattice girder of the ordinary proportions of length to depth does 
not exceed 200 feet in span, the flanges are very nearly equal in 
weight to each other (481), and the web is very nearly equal in 
weight to one flange. Moreover, the quantity of material in the 
compression flange is nearly equal to its theoretic central area 
multiplied by its length ; for though in correct practice the section 
of the flange is reduced towards the ends, it so happens that the 
empirical allowance for covers, rivet heads, packings and waste, 
that is, the difference between the actual and the theoretic flange, is 
compensated for by assuming that the flange has its theoretic central 
area carried uniform throughout the whole length. Hence we 
have the following empirical formula for the quantity of material in 
the main girders which will be found convenient in practice. 

G = |^ = |«Z nearly, (230) 
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where O = the wei^t of the main girders and end pillars in ton(i« 
a = the theoretic area of the compression flange at the 

centre in square feet, 
/ = the length in feet, 
4*6 = the number of cubic feet of wrought-iron in one ton. 

For ^rders loaded uniformly we have (eq. 26), a = g-^i whence, 

by substitution in eq. 230, 

G = ^ (231) 

where W = the total distributed load in tons, including the 

weight of the girder, 

/ = the length in feet, 

d = the depth in feet, 

/ = the working-strain in tons per square foot of gross 

section.* 

Ex. In Ex. 11, for instance, G = ?^^|^^?^,^^^j = 46-5 torn, whicb U but very 

12X(4X144)X9 ' 

slightly less thsn the former result. 

5S5« JLBderMMa^s r«lc — ^Table«irwel|rbto off railway |4r4era 
vnder MO ficet In length. — I am indebted to William Anderson, 
Esq., for the following simple rule, derivable from eq. 231, for 
approximate estimates of railway bridges under 200 feet in length, 
whose depth is -^th of their length, and whose working inch-strains 
are 5 tons tension and 4 tons compression. MvMply the dUtributed 
load in tone by 4, and the prodiict is the weight of the main girders^ 
end pillars J and cross-bracing ^ in lbs, per running foot. 

Ex. 1. llius, in Ex. 11, the total distributed load equals 248 tons; then 4x248 = 
992 lbs. = the weight of main girders^ end pillan, and cross bracing per running 

foot, and their total wdght = ^^^J^^ - 47*8 tons, which agrees yery dosely with 
the former result. 

The following table contains the weights of wrought-iron lattice 
girders for railway bridges up to 200 feet in length, calculated by 

* The reader will recollect that the usual tensile working-strain of iron, namely, 5 
tons per square inch of net section, practically requires the same gross area as the 
usual oompressiTe working-strain of 4 tons per square inch of ^ron section (481 )• 
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the foregoing rule for the three different Btandard working loada 
described in 4M. In making use of this table the reader will 
bear in mind the following conditions. 

a. The working strains in the flanges are 5 tons per square 

inch of net section for tension, and 4 tons per square inch 
of gross section for compresdon. 

b. The proportion of depth to length = -j^. 

c. The dead weight of cross-girders, platform, ballast, sleepers, 

and rails = 0*54 tons per running foot of angle line (4IIO). 

d. The wdght of main girders for a double-line bridge is twice 

that given in the table for a single-line bridge. 

e. It is probable that the weights in the table for the longer 

bridges, say above 140 feet, are rather in excess of truth. 

TABLE I. — ^WnaHTB ov Maqt GiBDUts, Ehd Tillabo, and Cbosb-bbaoino ov 
' BDraLS-Lnn Lattigi Bailwat Bbidobb ov vabious lingthb up to 200 vnr, 

THB DIFTH BUNO ^H OV THS LXKOTH. 


Length of Bridge 

from centre to 
centre of bearing!. 

Weight of lUln Olrdera, End POlan, end Croei Bndnic. 

Standard 

load on a 100 foot 

Bridge -1 1 ton 

per foot. 

Standard 

load on a 100 foot 

Bridge — li ton 

per foot 

Standard 

load on a 100 foot 

Bridge « 1| ton 

perfect 

Feet. 

Tom. 

Tons. 

Tons 

12 

07 

0-8 

0-84 

16 

114 

1-86 

1-44 

24 

219 

2-59 

2-78 

82 

8-4 

4-0 

4-2 

40 

4-9 

6-8 

6-2 

60 

11-8 

18*4 

14-0 

80 

20-8 

24-8 

25*5 

100 

88-5 

89*0 

40-7 

120 

49-7 

67-6 

60*2 

140 

70-5 

80-8 

84*0 

160 

95-4 

108*2 

112-6 

180 

125-4 

141-6 

146-7 

200 

1 

162-2 

180-0 

186-7 


CHAP. XXVII.] ESTIMATION OP GIRDER-WORK. 445 

Ex. 2. What 18 the wmght of iron reqoired for a nngle-lmo lattice girder bridge 
140 feet loDg between bearings, whose depth = 11 feet 8 inches, and whose working 
inch-strains are the ordinary ones of 5 and 4 tons tension and oompresnon respeotiyely, 
the standard load being 1 } tons per foot on a 100 foot bridge t From the table we find 
that the weight of the main girders, the end pillars and cross-bracing eqnals 80*8 tons, 
adding to this the weight of the cross-girders sapposed 8 feet apart, namely, 140 X *18 
r= 25*2 tons (450), we have the total weight of iron » 105*5 tons. 

5M. Mo €eBnHe ratio exMci between the lengths and 
weli;lit0 of ipirder bridges. — An analysis of the table shows that 
the ratio of the weights of similar railway girders from 40 to 200 
feet in length vary between the square and the 2*3 power of their 
lengths. In Example 2, the main ^rders, 400 feet long, weigh 
1047 tons, and in Example 5, a similar pair of main girders, 480. 
feet long, weigh 2449*6 tons. These weights are nearly as the 
5th power of the lengths. Again, comparing Examples 3 and 6^ 
which differ from the two former merely in haying higher unit- 
strains, we find the weights of the main girders, which are 713 
tons and 1405*9 tons respectively, are nearly as the 4th power of 
the lengths. These comparisons show that no definite ratio exists 
between the lengths and weights of girders, and any argument 
based on such an assumption must be altogether fallacious. 
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CHAPTER XXVIII. 


LIMITS OF LENGTH OF GIRDERS. 

58Y« Single east-iron girders rarely exeeed 50 feet In 
length — Componnd girders adrisabie flbr greater smns If 
east-iron Is used. — Cast-iron girders in one piece rarely exceed 
50 feet in length, though this is by no means the possible limit of 
length of single castings, for Mr. Hawkshaw has employed cast- 
iron in single girders of 86 feet span,* and Mr. Fairbaim mentions 
a girder bridge with beams 76 feet span, all in one casting, that 
were made in England and erected on the Haarlem Bailway in 
HoUand.t 

When cast-iron girders are required of greater length than 40 
or 50 feet it is advisable to truss them with wrought-iron, as cast* 
iron is ill-suited for resisting tension (S4§). Disastrous results 
have sometimes attended the use of these compoimd girders, and 
they consequently acquired a very bad reputation at one time, but 
the fault lay not so much in the combination of the two materials 
as in the mode of combination, which sometimes betrayed sad 
ignorance of the elementary principles on which girders should be 
constructed, the depth of the trussed girder having been in some 
instances considerably less at the centre than at the ends. 

58§. Praetleai limit of length of wronght-iron girders 
with horisontal flanges does not exeeed 900 ffeet. — ^Vested 
interest and local peculiarities generally determine the spans of 
large prders, and it may therefore seem useless to attempt solving 
the question, ** What practical limit is there to the length of a 
^rder?" Curiosity on this subject is, however, natural, and I 
may therefore claim indulgence for devoting a short space to 

• Pfoc, Intt, C. S., Vol. xiii, p. Hi. 

t On tht Applieatum of Iron to JBuilding Purpoiei, p. 27. 
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investigating a question which indeed is not altogether devoid of 
practical utility. 

When the dimensions, weight and unit-strains, of any given 
girder are known, we can find the length of a similar girder which 
will barely support itself; for it has been already shown in 65 that, 

if the weight of a given ^der equals -th of its breaking weight, a 

similar girder n times longer Mrill just break with its own weight. 
Thus, in Ex. 1 (509), a pair of girders whose depth equals -j^th 
of their length, 267 feet long and weighing 335*44 tons, sustiun 
from their own weight 1*64 tons tension and 1*31 tons com- 
pression per square inch ; taking the tensile and compressive 
strength of plate iron at 20 tons and 16 tons per square inch 
respectively, these working strains are equal to the breaking stnuns 
divided by 12*2. Hence a similar girder 12*2 times longer, or 
3257 feet in length, wul just break down from its own weight. 
Now, the length of a dmilar girder whose working strains are 

3257 
only one-fourth of its ultimate strength will be . = 814 feet 

nearly, which therefore is the extreme possible limit of an iron 
lattice ^rder whose depth equals -j^th of its length, whose inch- 
strains are 5 tons tension and 4 tons compression, and whose 
empirical percentages are similar to those in the first example of 
the preceding chapter. The practical limit is of course far short of 
this, and probably does not exceed 650 feet. 

Again, in Ex. 4 (ftOO), the main ^ders, 400 feet long, whose 
depth equals -^th of their length and which weigh 937*4 tons, 
sustain 3*14 tons tension and 2*52 tons compression per square inch 
from their own wdght. As these strains are equal to the ultimate 
strength of plate iron divided by 6*35, a similar girder 6*35 times 
longer, or 2540 feet in length, will just break down from its own 
weight. Hence the length of a similar girder whose working- 
strains from its own weight are ^th of its ultimate strength will be 

—J- = 635 feet, which therefore is the limiting length of an iron 

lattice girder whose length equals 15 times its depth, whose inch- 
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strains are 5 tons tension and 4 tons compression, and whose 
empirical percentages are similar to those adopted in the fourth 
example of the preceding chapter. The practical limit probably 
does not exceed 500 feet. 

Again, in Ex. 9 (ft*t), the main girders, 600 feet long, whose 
depth equals -|^th of their length and which weigh 3396*6 tons, 
sustain 4*8 tons tension per square inch from their own weight. 
This equals the ultimate tensile strength of plate iron divided by 
4*16; hence a similar girder 4*16 times longer, or 2496 feet in 
length, will just break down from its own weight, and the length 
of a similar girder whose working tensile inch-strain from its own 

weight is 6 tons, or a,nnn of its ultimate strength, will be ^ oqq = 

749 feet. This therefore is the limiting length of an iron lattice 
girder whose tensile inch-strain is 6 tons, whose depth equab -^^th 
of the length and whose empirical percentages are the same as 
those adopted in Ex. 9 of the preceding chapter. The practical 
limit is, doubtless, below 600 feet. 

From these few examples we may reasonably infer that, even 
with the most carefal attention to proportion and economy, the 
practical limit of length of wrought-iron girders with horizontal 
flanges does not exceed 700 feet. For girders of greater span steel 
must be employed. 


CHAP. XXIX.] CONCLUDING OBSERVATIONS. 


CHAPTER XXIX. 


CONCLUDING OBSEBTATION8. 

ASe. A Ibree canaot cluavc lt« dIrccttoM wtthoat ketar 
emnMaed with aaotho- ttoree — Mj^oth^mtm to ez|»Uia (ke 
Matare of strmlns !■ eontlBaOBB wcb«. — The reader who has 
perused the foregoing pages with even alight attention has probably 
arrived at the conclusion that diagonal etnuns are not confined to 
braced girdera, but are also developed in every structure which is 
subject to transTerse atrun. This follows at once from the 
mechanical law, that a force cannot change its direction unless 
combined with another force whose direction is inclined to that of 
the former. Thus a vertical pressure cannot produce horizontal 
struns in the flanges without developing diagond ones at the same 
time in the web. 

The following hypothecs will perhaps give a clearer conception 
of the nature of the stnune in continuous webs. It is offered, how- 
ever, merely as n conc^vable condition of these strwns. 

Fig. IM. 


Let Fig. 106 represent part of a very closely latticed girder 
whose neutral surface, or sur&ce of unaltered length, is N S (5ft). 
The stnun in each diagonal of a lattice girder is uniform throughout 
its entire length (149). Now suppose that horizontal stringers 
are attached to the lattice bars at their first intersections next the. 
flanges, and let us confine our attention to the upper one marked 
r. As soon as the girder deflects under a load this stringer will 
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become compressed, and coasequently it will relieve the upper 

fiange of a certain portioo of the horizontal strain whidi the flange 

would euetain were the stringer absent. The unit-stnun in the 

Nc 
stringer will be to that m the flange as ^, (», 8»). The part of 

each diagonal above the stringer will also be relieved of a certain 
portion of its stnun depending on the horizontal component 
it yields to the stringer. Now conceive similar stringers 
attached at each line of intersections of the latticing above and 
below the neutral surface. The result will be that each stringer 
will sustain horizontal unit-stnuns directly proportional to its 
distance from the neutral surface where they are dpher, while on 
the other hand the strains in the diagonals will diminish as they 
approach the flanges, their decremenU of etrun being cipher at the 
neutral surface and increaung towards the flanges in the direct 
ratio of their distance from the neutral surface, provided the 
stringers are all of equal area. We thus see that the diagonal 
stnuns in solid girders act with greatest intensity in the neighbour- 
hood of the neutral soriace where the horizontal struns are nil, 
while they act with least intensity at the upper and lower edges 
where the horizontal strains are most intense. 
Fig. 107. 


When a single weight rests upon a ^rder with a continuous 

web it sends off strains radiating out from the weight in all 

directions, ae represented in Fig. 107, and we may conceive that 

this first series of diagonal strains are resolved at every point along 

_ their length into diagonal and horizontal stnuns as in the lattice 


CRAP. XXIX.] CONCLDDINO OB8EBVATIOK8. 449 

girder, this eecocd aeries of dimgooal Btatuna being again resolved 
in a aimilKT manner and ao on, and thoa we have horizontal and 
diagonal atraina interlacing at rariona angles in all ^rderg except 
thoee in which they are forced to take definite directions by means 
of the bradng, but there will probably exist certain lines of 
maximnm str^, either straight or curved, whose directiona will 
vary according to the position and amount of the w^ght aa well 
as the flexibility of the material. 

Tbe student may make some inetnictiTe experiments on this 
subject by the aid of a model girder formed by stretching a web 
of drawing paper over a light rectangular frame of timber, which 
will represent the flangea and end pillars. By the lud of little 
movable wooden struts, to represent verticals, he can vary the 
directions of the lines of str^n to a very considerable extent. 

It is not at first sight easy to see how strains are transmitted 
through the neutral surface, for the particles there are apparently 
undisturbed m {arm. It is conceivable, however, that particles 
which are spherical when (tee from strain may become elongated 
by tension in one direction and ehortened by compression at right 
angles to it, so as to assome an oral shape, while horizontal lines 
parallel to the neutral surface, N S, retain their original length as 
represented in Fig. 108. 

Fig. 108. 


MO. A ship rcseasbles ft inbalar iclrder — T«p flsBse WT 
the ship fre^ we atly d^eleat !■ straiB^li — Deck-bractaB and 
balhbeads mttM^u « ship horhOHtallr and truuvervrly. — 

An iron ship is a large tubular atructure, more or less rectangular 
in section, underneath which the points of support are continually 
moving, so that when the waves are high nnd far apart the deck 
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and bottom of the vessel are alternately extended and compressed 
in the same way that the flanges of a continaoas girder are near 
the points of inflexion when traversed by a passing train. The 
sides of a ship are formed of continuous plating with vertical 
frames at short intervals and form very eflicient webs. The 
bottom also is, from its large area, fully adequate to its duty as 
a flange. The sides and bottom flange of the ^rder are therefore 
fully developed, but the upper iron flange is sometimes altogether 
wanting, or else sadly out of proportion to the remainder of the 
structure. This deficiency is properly remedied either by attaching 
what are technically called stringers to the topades, or better still, 
by making the upper deck entirely of iron with a thin sheeting 
of planks resting on the iron. Deck stringers are horizontal plates 
which run continuously fore and aft beneath the planking of the 
deck. They are seldom more than 3 or 4 feet in width, but in 
some few cases extend as far as the hatchways. Similar stringers 
are occasionally riveted to the sides underneath each of the lower 
decks, and when stringers in the same plane on opposite sides of 
the ship are connected by diagonal tension braces, the latter in 
conjunction with the deck beams form very effident cross-bracing, 
and greatiy increase the strength and stiflness of the ship when 
labouring in a heavy sea. 

Bulkheads act as gussets or diaphragms, and stiffen the tube 
transversely by preventing any racking motion from taking place 
in the direction of their diagonals. 

541. Iron and ilaiber *eoBi1ilBe4 flbm a cheap girder — 
Timber shooM be m9€4k la larg^ pieees^ aoi eat ap lata 
plaak0 — Siaipllclty of desiffa Biosi desirable ia ifirder- 
worl£. — Within certain limits of length the cheapest form of 
girder is one made of timber in compression with wrought-iron in 
tension (194, 9M). The earlier types of wooden lattice bridges 
had littie or no iron in their composition, and were characterized 
by the small scantiings of the parts, the closeness of the latticing, 
and in many cases a want of stiffness under passing loads. This 
defect was, no doubt, often due to insufficient flange area, but 
may also be attributed to the small size of the scantlings and 
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consequent multiplicity of joints. The remedy is obvious. Timber 
in compression should be used in bulk and not cut up into thin 
planks. Laminated arches, it is true, are an apparent exception to 
this rule, but in reality a laminated beam possesses the aggr^ate 
section of its component parts which are bound together so that 
they act as one solid piece. Even when used in tension it may 
be doubtful economy to use several thin planks where one of 
larger section would suffice. The liability to decay from moisture 
lodging in the numerous joints is another serious objection to close 
timber latticing, though this is sometimes diminished by the pro- 
tection of a roof extending over the whole bridge (4§7). 

In conclusion, it may not be amiss to say a few words on design- 
ing girders.. Simplicity and consequent facility of construction 
should never be lost sight of. Complicated arrangements are to be 
deprecated, whether designed to effect some saving more apparent 
than real, or, as one is sometimes tempted to conjecture, from a 
craving after novelty. The various parts of girder-work should, 
as much as possible, be repetitions of the same pattern, easily put 
together and accessible for preservation or repair. Hence, as a 
rule, closed cells, difficult forgings, or curved forms where straight 
ones would effect the object equally well, are to be carefully 
avoided. 
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BOTNE LATl'ICE TUBULAR BRIDGE. 

549. CJeneral 4e«criptloii — Detailed weif^hto of g^lrdeiv 
iFork. — The Boyne Viaduct carries the Dublin and Belfast 
Junction Railway across the valley of the Biyer Boyne near 
Drogheda, and consists of several lofty semi-circular stone arches 
on the land, and a wrought-iron lattice tubular bridge in three 
spans over the water, the surface of which is about 90 feet below 
the girders, so that vessels of considerable tonnage can sail 
beneath. The girder- work is formed of two lattice tubular main- 
girders, having their top flanges connected by cross-bracing and 
the lower flanges connected by cross-bracing and road-girders, so 
as collectively to form a tubular bridge for a double line of rail- 
way, as shown in cross-section in Plate ZV. Each main-girder 
is a continuous girder, 3 feet wide and 550 feet 4 inches long, in 
three spans. The centre span is 267 feet from centre to centre 
of bearings, and 264 feet long between bearings. Each side 
span is 140 feet 11 inches long from centre to centre of bearings, 
and 138 feet 8 inches long between bearing?. The flanges are 
horizontal, and the depth of girder, measured from root to root 
of angle-irons, is 22 feet 3 inches, or -j^th of the centre span and 

^7^ of a side span. Each of the terminal pillars is 18 inches 

broad in elevation, and has a bearing surface of 4*5 square feet ; 
each of the pillars at the ends of the centre span is 3 feet broad in 
elevation, and has a bearing surface of 9 square feet. The road- 
girders are 7 feet 5 inches apart from centre to centre, and 
correspond with the intersections of the lattice bars, which are 
placed at an angle of 45^, and form squares of 5 feet 3 inches on 
the side. For further description the reader is referred to a paper 
by J. Barton, Esq., on " Wroughtriron Beams," in the fourteenth 
vol. of The Proceedings of the Institution of Civil Engineers. The 
quantities of material in the girder-work are as follows : — 
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TABLE I. — ^WsiQHT ov Wbouoht-ibon m ohb Side Spah, 140 vm 11 imohxs 

BSTWKBV ClHTBl OV BXABHrGS, ASD 30 7BIT WJDM FBOM OUT TO OUT. 


Two Top FLAvau. 

Tons. 

Tons. 

Plates and angle ixonB, ..... 

27*45 

' 

CoYera, ....... 

PackingB, ....... 

8-57 
6*38 

39*84 

Riyet heads ....... 

2'ii 

1 

Two Bottom Flanobs. 



Plates and angle irons, ..... 

27-10 

' 

OoTerSi ....... 

Packings, ....... 

3*84 
8-40 

> 39-59 

Riyet heads, .*..... 

2-25 

1 

Two Double Lattiokd Wxbs. 



Tension diagonals, ...... 

10*96 


Oompression do., ...... 

27-70 

88-79 

Rivet heads at intersections, ..... 

0-18 


CBOeS-BBAOINO. 



6 lattice cross-beams connecting top flanges, . 

to 

8-70 

1 

Diagonal tension bars (top and bottom) and a longitudinal 
angle iron stiffener along the centre at top, 

5-86 

9-16 

Rivet heads, ....... 

010 


Road Oibdbba. 



18 road girders, indnding end gussets, 

nron between end pliiftn, .... 


23-72 

151-10 

Platform planking, ...... 

29-40 

» 

■ 

Longitudinal sLeepers (douUe line), .... 

2*45 

40-41 

Rails and joint plates (Bariow's), .... 

Pennanent load on one ilde vpen, 

equal to 1*86 tons per running foot for the double line. 

8-56 

1 

191-51 
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TABLE II. — ^WnoHT ov WBOuaHT-moH ni thi OurrBB Spam, 207 wwn 
Cbntbis ov bbabivcm AiTD 80 wmn widb vbom out to out. 


Two Top Vlaxoeb. 


Plates and angle iron, 

Ooyen, 

PaokingB, 

RiTot headsi 


Two Bottom Fijuigb& 


Plates and angle iron, 

Coyers, 

Packings, 

Rivet heads, 


Two Doubli-Latticid Wbbb. 


Tension diagonals, 
Compression do., • 

Riyet heads at intersections, . 


CBOSB-BBAODfO. 

11 lattice cross-beams connecting top flanges^ 

Diagonal tension bars (top and bottom) and 
aogle-iron stiffener along the centre at top» 

Rivet heads, . . . . . 


ROAS 6IBDEB8. 

85 road girders, indnding end gussets, 
mm between end plllanit 

Platform planking. 

Longitudinal sleepers (double line), . 

Rails and joint plates (Barlow's), 


longitudinal 


equal to 1*64 tons per running foot for the double line. 


Tons. 
7909 

9*88 
11-88 

5-18 


82-19 
9-85 

11-90 
518 


80-80 ) 


51-76 
-25 


f 


8-77 

10-69 
•20 


55-57 

4-62 

16-20 


Tons. 


105-48 


> 109-12 


82-81 


17-66 


46-18 


861-20 


76-39 


437-59 


2 H 
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TABLE III. — Wkoht ov WBOUGHT-iBOir nr tbi Pillabb aitd Cboss-oibdbis 

OVm BUFFOBTB. 


P1LLAB8, fto., OvBB Ohb Labd Abutmbvt. 
2 tenninal pillan at end of one side Bpan, 
1 lattice oroflB-beam connecting heads of piDan, 

1 road girder and gosaets connecting feet of {nDan, . 

PiLLABS, ka,, OVBB SOUTH BlVBB 

2 piUan at aonth end of oentre ipon, . 
1 lattice croafl-beam connecting heads of pillan^ 

1 road girder conneotmg feet of pillan, 

2 gossets between pillars and pier, 

PiLLABS, &0., OtBB NOBTB BIVBB 

2 pillars at north end of centre span, . 

1 lattice cross-beam connecting heads of pillars, 

1 road girder connecting feet of pillars. 



* The pillars are finnly secured to this pier; rollers are used on the north pier and 
on both abutments. 

TABLE IV.— SUXMABT or WBOUaHT-XBOH. 



Tons. 

One side span, ........ 

161-10 

One do., ........ 

161-10 

Centre span, ........ 

801-20 

Pillars, Ac, oyer one land abutment, ..... 

18-23 

Do. do. • . . . . 

18-23 

• 
Do. south riyer pier, ..... 

24-06 

Do. north riyer pier, ..... 

Total trelglit of wrciugtMr<mp in the Boyne Lattice Bridge, 
8 spans, 560 feet 4 inches in length, equal to 1' 844 tons per running 
foot for the double line of railway. 

25-66 

7B9"48 
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TABLE v.— Wkioht of Sole-plates, Bollbbs and Wall-plates. 


OvEB Two Abutments. 

Tons. 

cwts. 

qrs. 

lbs. 

4 planed cast-iron Bole-platea riveted to feet of pillan, 


17 

2 

16 

4 planed oast-iron wall-plates resting on the masoniy. 

2 

11 





2 sets of 4-inch wronght-iron rollers and frames over 
the north abutment, .... 

t 

10 

2 



2 sets of 4}-inch wronght-iron rollers and frames over 
the south abutment) .... 


12 

2 

26 

Oteb South Pibb. 





2 cast-iron solo-plates riyeted to feet of pillars, 


19 



12 

2 cast-iron wall-plates resting on the masonry, 

5 

4 





OVEB NOBTH PlEB. 





2 planed cast-iron sole-plates riveted to feet of piUars, 


19 



12 

2 planed cast-iron wall-plates resting on the masonry, 

4 

IS 



16 

2 sets of 5-inch chilled cast-iron rollers and wrought- 
iron frames, ...... 

Total welglit off BOlo-platoEp roUort a&d 
wali-platoEp .... 

1 

15 



16 

18 

a 

1 

14 


548. Worklny slraiiM — Area, off Hansen. — The strains pro- 
duced by the permanent bridge-load plus one ton of train-load per 
running foot on each line of way do not exceed 5 tons tension per 
square inch of net section, i.e., after deducting the rivet holes, and 
ii tons compression per square inch of gross section. The gross 
sectional area of the top flange of each main girder in the centre 
of the centre span = 113*5 square inches; the gross area of the 
bottom flange at the same place = 127 square inches and its net 
area = 99 square inches ; over the piers, between the centre and 
side spans, the gross area of the top flange = 132*6 square inches 
and its net area = 103*4 square inches ; the gross area of the 
bottom flange at the same place = 127 square inches. At a point 
40 feet from the piers, measured towards the centre of the centre 
span, the gross ai*ea of each flange = 68'5 square inches. 
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044. rotate ariaBcxliM — Pr ew i- — ^ p>tott af wi p yrt. — 

The points of inflexion may be obttuned by the method explained 
in MS, aa follows. 

Fig. 109. 


Let Q be the centre of the centre BpaQ, and o and o' the points 
of inflexion. 

Let / = AB = CD = 141 feet nearly, 

AQ = n^ whence n t= -r- .y = 1'95 nearly, 

tc = the load per running foot on ^ther side span, 
v/ = the load per running foot on the centre span, 
Iti = the reaction of either abutment, A or D, 
R, = the reaction of either pier, B or C. 
When the bridge supports its own weight only, 

w = i-36 tons and w' =: 164 tons. 


Case 1. 

MS. MaxlnviB RtralMS !■ th« flanycs oT the side •paa*. — 

These occur when the passing load covers both side spans and the 
centre span is unloaded (SM) ; in which case, assuming that the 
maximum train-load is equivalent to one ton per running foot on 
each line of way, we have 

to = 3'36 tons and w' = 1*64 tons. 
From equations 181 and 182 the pressures on the points of 
support are as follows. 

R, = 1 70 tons and R, =: 523 tons. 


APP.] BOTNE LATTICE BRIDGB. 459 

The positions of the points of inflexion, obtained from equations 
183 and 184, are as follows. 

Ao = 101-2 feet and Bo' = 53-2 feet. 
The strain in each of the four flanges midway between A and o, 
t.e., in the centre of the first segment, is 96^ tons (eq. 26). 


Case 2. 

546. Maiilmum strains In the flanges off the centre span* — 

These occur when the passing load covers the centre span alone, 
in which case 

i/j = 1*36 tons and w' = 3*64 tons. 
The pressures on the points of support are as follows. 

Ri = — 24-6 tons and Rj = 704 tons. 
Bi being negative signifies that a load of 24*6 tons is required at 
each end to prevent the girder from rising off the abutments (854), 
and this was actually the case when the bridge was proved with 
one ton per running foot on each line of the centre span, the side 
spans bemg unloaded. The girder was temporarily tied down to 
the abutments by bolts secured to the masonry, but the bolts drew 
out and the ends of the girder rose more than an inch above their 
normal position on the rollers. The weight of a locomotive at 
each end, however, soon brought them down again. With the 
lighter working loads which occur in practice this rising off the 
abutments never occurs. The position of the points of inflexion in 
the central span is as follows. 

Bo' = 40-3 feet, 
and the strain in each of the four flanges in the centre at Q = 355 
tons (eq. 26). 

Case 3. 

549. Hiayimam strains In the flanges OTer the piers. — The 

maximum strains over a pier occur when the centre span and the 
adjacent side span are loaded and the remote side span is unloaded. 
We have, however, no formula for this condition of load, but we 
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have a close approximation to it when the passing load covers all 
three spans (M5)} in which case 

w = 3'36 tons and w' = 3*64 tons. 
The pressures on the points of support are as follows. 

Bj = 107 tons and B, = 853 tons. 
The positions' of the points of inflexion are as follows (eqs. 183, 
184). 

Ao = 63-4 feet and Bo' = 447 feet. 
The stndn in each of the four flanges over the piers = 406*4 
tons (eq. 13). 

54§. Polnto off InllexloB fixed praetlcally — Hefleetion — 
C^amlier. — The points of contrary flexure in the centre span were 
practically fixed in the manner described in MO. Two joints in 
the upper flange, 170 feet apart and equi-distant from the piers, 
were selected for section. The rivets were cut out and drifts tem- 
porarily inserted in their place. These drifts were then cautiously 
struck out with a light hanmier, and a slight closing of the joints 
proved that a certain amount of compression had previously 
existed in place of perfect freedom from strain. The extreme 
ends of the side spans were then lowered, one an inch, the other 
half an inch, which caused the joints to open slightly, about ^^:^th 
of an inch. In this condition it was obvious that no strain was 
being transmitted through the joints, and they were then finally 
riveted up, the altered levels of the extreme ends of the side spans 
being maintained by rollers of the proper diameter placed beneath 
the terminal pillars. Tables YI. and YII. contain the deflections 
produced by various conditions of load during the first, or 
Engineer's, testing and the second, or ofiictal, testing of the bridge 
by the Government Inspector (410). 
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Each span was built on the platform with a camber, in order 
that the sky-line might be nearly horizontal when the bridge was 
finished (459). The camber at the centre of the centre span at 
different periods was as follows. 

TABLE YIII. — ^Cambse at Centbb of Cevtbb Span at difvxbbnt fsbiods. 


During construction on the platform, .... 

After wedges were struck and bridge was self-supporting, 
After fixing points of inflexion and lowering extreme ends of side spans, 
After second, or official, testing of bridge^ .... 
After four months* traffic, ...... 


Inches. 
3-48 

1-56 

1-80 

0-84 

0-90 


549. KxpeiiBients on tbe strength off braeed pillars. — 

The following experiments were made at the Boyne Viaduct in 
1854 to determine the strength of one of the compression diagonals 
of the web which were made of flat bar iron similar to the tension 
diagonals, but with the addition of internal angle irons and cross- 
bracing riveted between them as already described in 889. . The 
theory of braced pillars was then imperfectly understood, and 
Mr. Barton wisely determined to test by direct experiment whether 
this arrangement of internal cross-bracing would enable a bar, thin 
in proportion to its length, to sustain an endlong pressure like a 
pillar, such as the compression diagonals should sustain in the 
bridge. Accordingly the following experiments were made on 
one of the smaller compression diagonals which occur near the 
centre of the centre span, the author being present and recording 
the results.* 

Experiment No. 1. 

The first experimental pillar resembled Fig. 1, Plate V., in every 
respect, except the lower portion, which was formed as shown in 
Fig. 4. This pillar, which was 31' 6'' in length with 4'' X f ' side 
bars, was erected in the midst of some timber scaffolding which had 
been used for a stone hoist. The testing weight was suspended 

* See a description by the author of *' Experiments made at the Boyne Viadnct in 
1854."— Proc. Inst, C.B, of Irdand, Vol. ▼. 
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below the wooden firaming on which the pillar stood by long sus- 
pender rods which were attached to cross pieces of timber resting 
on the top of the pillar (see Figs. 2 and 3). By this arrangement 
the pressure was made to pass more accurately through the axis of 
the pillar than if the testing weight had been heaped up on top. 
It was also more convenient to load at the lower level. Cross bars 
/,/y/, were attached to the sides at the same intervals as the latticing 
in the main girders, and were connected at their ends to the scaffold- 
ing, so as to represent the tension diagonals in the bridge ; and here 
I may again remind the reader that the chief advantage of a multiple 
over a single system of triangulation consists in the more frequent 
support given by the tension bars to those in compression, as weU 
as by both to the flanges. The parts in compression are in fact 
subdivided into short pillars, and thus prevented from deflecting in 
the plane of the girder (155). A cord was stretched vertically, in 
order to get the lateral deflections during the experiment. These 
were taken at three points, A, B, C (Fig. 1) ; and the symbols + 
or — placed before a deflection in the table signifies that it was in 
the direction of the same sign engraved at the sides of the figure. 

TABLE IX.— Latibal Dkfliotiohb or a Bbaobd Pillab. 


Date. 

TODB. 

a. 

a 

c. 

RncAXKS. 

1854. 


Inches. 

Inches. 

Inches. 


Nov. 16 

5 

+ 0-03 

+ 0-05 

+ 0-03 


it 

10 

0-0 

00 

+ 0-05 


ft 

15 

-008 

+ 0-08 

+ 005 


11 

20 

-0-05 

0-0 

0-0 


t> 

25 

-005 

0-0 

0-0 


tt 

80 

-0-05 

-003 

— 0-04 


tf 

374 

-006 

-0-07 

— 0-06 


it 

40 

-0-05 

-0-01 

-0-05 

Wiih 40 tons the side bar at a (Pig, 
4), bent slightly at right angles to 
the plane offigare. The deflection 
at B seems anomalous ; probably a 
















mistake for O'lO? 

it 

42i 

-0-10 

-010 

-018 

With 42} tons the lower paH of piUar 
at bf hf became slightly curved, 
with the convex side towards the 
— side. 

Nov. 17 

m 

-010 

-0-10 

-018 

Left on all night ; no change in the 
morning. 

ii 

45 

- 0-10 

-015 

-016 


if 

m 

« • • 

• •• 

• •• 

The side bars gave way, as shown in 
Fig. 5. 
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Looking at Fig. 4, it will be Been that about 8 inches in length 
of each side bar near the ends of the pillar were left without internal 
angle iron, and when the weight amounted to 47^ tons this part 
yielded sideways, as shown in Fig. 5. The area of the two side- 
bars at the part which failed amounts to 5 square inches; the 
compressive strain which passed through them at the moment of 
yielding equalled therefore 9^ tons per square inch. 

EXPEBIMENT No. 2. 

The pillar in the first experiment fidled, as indeed had been anti- 
dpated, by the upper part moving sideways past the lower, as if 
connected to it by hinges. The pillar was taken down, the injured 
part removed, and the length thus reduced to 28^ 6'^ The repaired 
pillar, Fig. 1, was then replaced within the scaffolding, and the 
following table contains the observations recorded, which include the 
contraction in length of each side under compressive strain. These 
latter observations were made by the aid of wooden rods suspended 
at each side from near the top of the pillar. Each rod was 24^ 8^'^ 
in length from the point of suspension to the index at the lower 
end, and it will be observed that the contraction of one side exceeds 
that of the other in a very anomalous manner, which can only be 
explained by suppoung that the timber framing yielded more be- 
neath one side than the other, and thus caused a greater strain of 
compression to pass through that side which contracted most. 

TABLE X.— Latbbal Dxflbotiohb ahdTbbtioal Gontbaohov or ▲ Bbagkd Tslum. 


Date. 

Tons. 

A. 

B. 

C. 

Rod on 
+ 8lde. 

Rod on 
-side^ 

OBSSBTAlIOire. 

1854. 
Nov. 25 

80 

Inches. 
+0-08 

Incbea 
+0-04 

Inches. 
+0-01 

Inches. 
0-06 

Inches. 
0-25 

At 80 tons the side bsr at c bulged 
outwards slightly, with a tendency 
to increase; also a alight hollow 
was produced at d; to remedy 
this bulging (which seemed to be 
caused by the unequal compression 
of the timber pacUng, that on the 
+ side yielding more than the 
opposite), a strut was placed 

blocked up until the 27th ; wedges 
also were driven between the 
wooden packings underneath, in 
order to tighten them up. 
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Date. 

Tons. 

A. 

B. 

C. 

Rod on 
-f side. 

Rod on 
— side. 

Obsbktatioxsl 



Inches. 

Inches. 

Inches. 

Inches. 

InchcSb 


Nov. 27 



• •• 

• •• 

• «• 

©•0 

0^20 

mored ss nearly as possihle hjr 
means of a screw-Jacli which was 
left in posltloo ; opposite side simi- 
larly Uocked out from sts^g, 
and blocks were placed at similar 
positions at top of pillar, as there 
appeared a tendency of top to 
more over to — sldCL 

>* 

30 

• •• 

• • • 

• •• 

005 

0-25 


i> 

85 

« • • 

• •• 

• •• 

006 

0-27 


ft 

40 

0-0 

-0-01 

-008 

008 

0-81 

Left hanging on all ni^t, wind so 
strong as to make deflections nn- 
certain. 

Nov. 28 

40 

00 

-0-87 

-0-07 

009 

0-31 

The hoUow at d still well msrked, 
and a tendency to deflect towards 
+ side, at the centre of pillar. 

»> 

45 

0-0 

-001 

-.0^07 

•09 

•84 

Wind in gnsts; 46 tons left hanging 
on one hour. 

}i 

50 

+0-07 

+0-06 

-0-08 

•10 

•40 

Wind mnch abated; no visible 
change. 

It 

55 

... 

«•• 

«•• 

•10 

•44 

Wind so strong as to prerent deflec- 
tions being taken. No Tislble 
change. 

» 

60 

•■> 

• « • 

••• 

•10 

•49 

No change Tisible. 

»9 

621 

•*• 

• ■ • 

• •• 

•105 

•50 

Left hanging on all night 

Nov. 29 

... 

... 

• •« 

••• 

•11 

•50 

No visible diange this monlng. 

»» 

65 

• mm 

• ■ • 

• •• 

•12 

•58 

The bnckle at centre strongly 
marked. 

f> 

70 

+•15 

+•14 

+ 08 

•12 

•56 

Wind mnch abated. 

>» 

72J 

•«> 

«•• 

• •• 

•18 

•60 


»> 

75 

•.. 

• •• 

■ •« 

•14 

•65 

any part 

t> 

774 

••• 

• •• 

■ « • 

•18 

•69 


»» 

80 

•« * 

• •• 

• •• 

... 

... 

Left hanging on all niglkt 

Nov. 30 

•*. 

•■• 

• •• 

• •• 

•14 

•78 

In morning. 

ft 

82^ 

•«• 

• ■• 

«•• 

•15 

•795 


»» 

88} 

.•« 

• •• 

• •• 

• •• 

... 

was being laid on, parts b and « 
(Fig I), giving way. At « both 
sides of the pillar bent, and the 
internal lattice was completely 
distorted, the L Iron being broken 
away ftom side bar (see Fig. S). 
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The sectional area of the pillar subject to compression, and in- 
cluding the angle irons, is 75 inches. The compression per square 
inch therefore equalled 11 tons at the period of failure. For a very 
short portion at e where the bracing ended, the angle irons of the 
lower cell and that to which the internal lattice bars were connected 
were not in one continued piece, and the whole weight passed 
through the unsupported side bars, which were, however, a little 
thicker here than elsewhere from a weld haying been made at that 
point, so that the area of both side bars together equalled 6 inches. 
This short length was therefore subject to a compression of nearly 
14 tons per square inch. If we wish to compare the economy of 
this form of pillar with a tubular one, we must add the cross area 
of the lattice bars to that of the side bars, in order to obtain the 
strain per sectional inch of material in the whole pillar. The cross 
area of the lattice bars = 2 inches nearly ; adding this to the area 
of the side bars and angle irons, we have the total sectional area of 
the braced pillar = 9^ inches, and the strain per square inch of 
material employed =z 8'7 tons. This is a favourable result when 
compared with those arrived at by Mr. Hodgkinson in his experi- 
ments on tubes subject to compression, for if the same amount of 
iron were thrown into the form of a tube it would have such thin 
sides that the ultimate crushing inch-strain would probably fall 
very far short of 8*7 tons (••O). We may regard the lattice pillar 
as one side of a tube, in the comers of which the chief part of the 
material is collected, and the sides of which are formed of bracing, 
connecting and holding the comer pillars in the line of thrust (8S1). 

550. Experiments on the effipet off slow and i|nlek trains 
on delleetion, — The following experiments were made at the 
Boyne Viaduct to try the effect of slow and quick trains on 
vibration and deflection. 

April bthy 1855. — The lateral vibration at the centre of the 
centre span from an engine and tender going at the rate of from 
30 to 50 miles an hour equalled 005 inch on each side, t.«., the 
total oscillation equalled '1 inch. The lateral vibration from a 
slow engine was scarcely perceptible. 

The deflection at the centre of the centre span, measured on the 
same side as the line on which the engine and tender travelled, 
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both for quick and slow speeds equalled *25". The same deflectioD 
was produced when the engine was brought to a stand at the centre 
of the centre Bpan. If any difference of deflection with different 
speeds was perceptible, those deflections which were produced by 
rapid travelling exceeded the others by a very small amount, 
perhaps the width of a fine pendl stroke, but for all practical 
purpoeea Uiey were identical On starting the engine from rest 
at the centre of the bridge the deflection was momentarily increased 
to a very slight extent. There were about five quick tnuns, of 
which one traveUed at 48 and the others 50 miles an hour, and 
about as many slow ones (458). 

NEWABK DTEB BEIDOE, WABRBN'S GIBDEB.* 

Ml. — This bridge carries the Great Northern Railway across 
the Newark Dyke, a navigable branch of the river Trent. It is a 
skew girder bridge, formed of a single system of equilateral 
triangles on Warren's principle. Each ^rder conmste of a hoUow 
cast-iron top flange, and a bottom flange, or tie, of wrought-iron bar 
links, connected together by diagonal struts and tiee, alternately of 
cast and wrought-iron, which divide the whole length into a series 
of equilateral triangles 18 feet 6 inches long on each side. There 
are two main girders to each line between which the trun travels 
on a platform attached to the lower flanges. The length from 
centre to centre of points of supports is 359 feet, and the dear 
span between the abutments is 340 feet 6 inches. The depth from 
centre to centre of flanges is 16 feet, or nearly -j^th of the length. 
The permanent wdght of bridge for a single line of railway, 
consisting of two mun girders, top and bottom cross-bracing, 
platform, &c., is as follows: — 

Wrought-iron, 

Cast-iron, .... 


Tom. 
106 

Cwta. 
5 

:88 

5 

244 

10 

50 




Platform, handrul and moulded cornice, 

Total pemiaaent welsht, . SM lO 

' See A Jkter^ion of tht A'cionnI- Djilt Bridge on tht Onai Xorthtrn Saiiieag. 
Joseph Cubitt. M. Inrt. C.E. Vol. rit., Proc. In»t. of C.E. 
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With a load of one ton per running foot the central deflection 
amounted to 2| inches. The strain due to this load, whether tensile 
or compressive, is said not to exceed 5 tons per square inch on any 
part. 

CHEPSTOW BRIDGE, GIGANTIC TRUSS* 

559. — This bridge was erected hj Mr. I. K. Brunei to carry 
the South Wales Railway across the river Wye near Chepstow. 
It consists of two gigantic trusses, one for each line of way, 305 
feet long and about 50 feet deep, and resembling Fig. 63, p. 115, 
with this exception, that the roadway is attached to the lower 
flange. The compression flange of each truss is a circular plate- 
iron tube, 9 feet in diameter and ^th inch thick, supported by 
cast-iron arched standards or end pillars which rest on the piers. 
The main girders are plate gbders which are suspended from 
the truss at two intermediate points with their ends resting on the 
piers, and are thus divided into three spans. The weight of iron 
in one bridge for a single line of railway is as follows : — 


298 feet run of tube and butt plates, 
Hoops of ditto over piers, 

Side and bottom plates for attachment of midn 
chains, ..... 

Side plates for attachment of diagonal chains, . 
Stiffening diaphragms, 26 feet apart, 
Rivet heads, &c., ..... 


Tons. 

127i 
7} 

15 

H 

4* 


Total weight of one tube, 


. 161i 


Main chains, eyes, pins, &c., 
Diagonal chains, eyes, pins, &c., . 
Vertical trusses, . 

Total weight of nde-bracing, 


. 105 
23 
18i 

. 146^ 


* See Encyc. Brit,^ Art. Iron Bridges, and Clark on Tubular Bridget, p. 101. 
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Tons. 

Mdn roadway ^rders, cross girders, Ac, . 130 

Saddles, collars, &c., at points of suspension, 22 


Total weight of Iron, for one line of ndlway, 4/60 


CBUMLIK VIADUCT, WABBBN*8 GIRDER.* 

5M. — The Crumlin Yiadact is situated on the Newport section 
of the West-Midland Rulway about five miles from Pontypool. 
The structure is divided by a short embankment into two distinct 
viaducts of exactly similar construction. The larger viaduct has 
seven, the smaller three, openings of 150 feet from centre to centre of 
piers. The girders are *' Warren's Patent" of 148 feet dear span, 
but not connected together as in continuous girders. The com- 
pression flange is a rectangular plate-iron box or tube, and the 
tension flange is formed of flat wrought-iron bars ; both flanges 
increase in sectional area from the ends towards the centre. The 
diagonals form a series of equilateral triangles of angle and bar iron, 
the section of those in compression being in the form of a cross. 
The length of each side of the triangle is 16 feet 4 inches. 

The maximum tensile strain in the diagonals from the permanent 
load and a train-load of one ton per running foot is 6'65 tons per 
square inch of net section. The maximum tensile strain in the 
lower flange from the same load is 5' 75 tons per square inch of net 
section. In no part does the maximum compression strain from 
the same load exceed 4*31 tons per square inch of gross section. 

The viaduct has four girders, two to each line of railvray. The 
road is above the upper flanges. The weights for a single line 150 
feet long were as follows when the bridge was flrst made. 
Additional material appears to have been added subsequentiy for 
the purpose of strengthening it.t 

* See Trans, Intt. C.E. of Ireland, Vol. ▼ii., p. 97 ; and Humher an Bridff€$, 
t Engineer. 1866. Vol. zzii., p. 884. 


Tona. 

Cwts 

. 37 

18 

.3 

3 

. 18 

1 

. 15 

3 

9 
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A pair of main girders, 
Cross-bracing of do,, 
Platform, 
Permanent way, 
Hand-raUing, 

Total permanent weight, 83 5 

The tension flange of one girder weighs 119*4 cwt., of which 
30 cwt., or one-fourth, is required to make the connexions of the 
flange. 

LATTICE BRIDGES ON THE VICTOR EMMAKUEL RAILWAY.* 

554. — The first of these bridges was erected by Mr. Edwin 
Clark to carry the Victor Emmanuel Railway (single line) over the 
river Isere, in Savoy. The railway is supported by two single- 
webbed lattice girders which are continuous throughout, forming a 
total length of 558 feet, divided into four uniform openings of 130 
feet 4^ inches each. The depth is uniform throughout and equals 
^th of each span, or 11 feet 9 inches from out to out. The 
weight of iron work in each pair of main girders for each span of 
130 feet 4^ inches is 50 tons, and the weight of its proportion of 
roadway is 21 tons. The total weight of iron in the whole 
structure is 322 tons wrought-iron and 15 tons cast-iron. 

On the same railway are two other bridges, similar in every 
respect, but of only one span each. The weight of these girders, 
not having the advantage of continuity, is increased ; that of a pair 
of main girders in each bridge being 72 tons, and of the whole 
bridge with roadway 96 tons. 

BOWSTRING BRIDGE ON THE CALEDONIAN RAILWAY.f 

555. — This bridge was erected by Mr. E. Clark, to carry the 
Caledonian Railway over the M onkland Canal. The arch is partly 

* Eneyelopadia Britavniea, Art. " Iron Bridges," p. B9B. 
f Idem^ p. 605. 
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wrought-iron, and partly cast-iron, and the tie or lower flange 
consists of wrought-iron plates. The total length of the girders is 
148 feet, and the depth is 15 feet or about -^^th of the length. 
The whole weight of the girders for a double line is 128 tons. 


CHABING-CBOSS LATTICE BRIDGE.* 

55^ — ^This bridge was erected by Mr. Hawkshaw to carry the 
Charing-Cross Railway across the Thames on the site of the 
Hungerford Suspension Bridge, the chains of which were removed 
to Clifton. It comprises nine independent spans, six of 154 feet 
and three of 100 feet. The leading particulars of one of the 154 
feet spans are as follows. The main girders are wrought-iron 
lattice tubular girders, the web consisting of two systems of nearly 
right-angled triangles. The tension diagonals are Howard's patent 
rolled suspension links, and the compression diagonals are forged 
bars, varying in thickness from 2^ to 3 inches, and united in pairs 
by zigzag internal cross-bracing (887). The flanges are formed 
of horizontal plates in piles with four vertical ril^s attached by 
angle irons to the horizontal plates, the two outer ribs being 2 feet 
deep, and the two inner ones 21 inches deep. The flanges there- 
fore resemble the usual trough section (441), but with 4, in place of 
2, vertical ribs. The diagonals have swelled ends with eyes, and 
are attached to the flanges by turned pins of puddled steel passing 
through the vertical ribs. In addition to the diagonals already men- 
tioned there are vertical bars 1 inch thick connecting each pin in the 
upper flange with that in the flange directly beneath ; these vertical 
bars form diagonals to the squares made by the diagonal bracing 
and are superfluous (198). The extreme depth of the main girders 
is 14 feet, and the depth from centre to centre of pins is 11 feet 6 
inches, but the distance between the centres of gravity of the 
flanges is *12 feet 9 inches, or nearly j^^th of the span, and this 
seems to have been assumed to be the correct depth for calculating 
the working strains, which with 1^ ton per foot on each line are 5 
tons tension per square inch of net section, and 4 tons compression 

♦ ^ Pror. Init. C.E., Vol. xxii. ; snd Trans, Soe, Bng. fcr 1864. 
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per Bquare inch of gross section. The cross girders are attached 
to the under sides of the lower flanges, and have cantilever ends 
which extend outside the main girders and support footpaths 7 feet 
wide. These cross-girders are 11 feet apart, and agree with the 
apices of the diagonals in the lower flanges. There are four lines 
of railway, and the width in the clear between main girders is 46 
feet 4 inches. The weight of one main girder (supporting two 
lines) is as follows : — 

Top flange, 
Bottom do., 
Web, 
End pillars, 

Total weight of one main girder, .190 

Taking the rolling load at 1^ tons per foot of single line, the 
total distributed load on each main girder is as follows : — 

Tons. 

Rolling load 156 X 2^ tons, . .390 

One main girder, deducting end pillars, . 184 

One-half the cross-girders and cantilevers (11 feet apart), 67 
Bails for 2 lines, ..... 7 

Timber in half the platform and longitudinals under rails, 41 
Load of people on one footpath at 100 lbs. per square foot, 48^ 


Tods. 
70 

Owte. 
4 

Qn 
2 

67 

15 

2 

46 





6 






Total distributed load on one girder, 737^ 

The above load is exclusive of cornice, hand-rail, fish plates, 
bolts, spikes, chairs for rails, hoop-iron tongue and bolts for planking, 
(and ballast?). 

a " 

CONWAY PLATE TUBULAR BRIDGE.* 

559* — The Conway bridge was erected by Mr. Robert Stephenson 
to carry the Chester and Holyhead Railway over the river Conway, 

* Britannia and Contoay Tubular Bridget, By E. Clark. 


*p5s?^"'T^ 
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CONWAY PLATE TUBULAB BRIDGE. 


[app. 


in North Wales. It consists of two wronght-iron plate tubular 
bridges placed side by side, with one line of railway in each tube. 

The entire length of each tube is 424 feet, and the clear span 
400 feet, which allows a bearing of 12 feet at each end. The 
external depth at the centre is 25 feet 6 inches, or nearly -j^th of the 
length, thence it diminishes gradually towards the ends where it is 
22 feet 6 inches. The external width is 14 feet 9 inches. The 
clear width inside is about 12 feet 6 inches. The tubes are placed 
9 feet apart and are not connected in any way. 

TABLE XI. — ^Tabular Suhmabt of Wbouoht-ibon Wobk ik thb Gonwat 
BBmoi. — Onb Tubb, Sinolb Linb, Lbnoth 424 Feet. 



Upper FUmge. 

Sidea. 

Lower Flange. 

Snmintry. 


Tons. 

Tons. 

Tons. 

Tons. 

Plates, - 

289 

201 

242 

682 

Angle and T-iron, 

115 

146 

59 

820 

CoTera, - 

15 

21 

78 

118 

Rivet beads, 

28 

24 

17 

64 

• 

Total, 

392 

893 

895 

1180 


Plates, 58 per cent. ; angle and T-iron, 27 per cent. ; covers, 10 per cent. ; riyet- 
heads, 5 per cent. ; total, 100. 

The following is an analysis of the wrought-iron in one tube 
412 feet long, i.e., 6 feet longer at each end than the clear span. 
This was the length of the tube when floated into its place between 
the abutments ; 6 feet were afterwards added to each end. 


TOP FLAKOE. 


Plates and angle-iron in compression, 
Plates and angle-iron acting as covers, 
Transverse keelsons, . 
Rivetrheads, 


Tons. Cwts. 

336 

17 8 

7 

22 7 


Per cent. 

87-5 
4-5 
20 
60 


382 15 


1000 
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SIDES. 

Tone. Owts. Peroant. 

Plates acting as sides, . . . 163 430 
Covers and proportion of T-iron acting as 

covers, . . 90 10 240 
Gussets, stiffeners, and projecting rib of 

T-iron engaged in stiffening the sides, 101 16 270 

Bivet-beads, . 23 15 60 


• 

379 1 

1000 

LOWEB FLANGE 




Tons. Owti. 

Peroent 

Plates and angle-iron in tension. 

279 9 

72-5 

Plates and angle-iron acting as covers, . 

76 6 

200 

Transverse keelsons, 

14 

3-5 

Rivet-heads, .... 

15 17 

40 


385 12 1000 

This makes the total weight of wrought-iron in 412 feet of one 
tube = 1147'4 tons, or 2*78 tons per running foot for each line. 

Summary of cast-iron work in the Conway Bridge for both 
lines: — 

Tom. 

Castings fixed in the ends of tubes, 201 

Bed-plates, rollers, &c., 108 

Fixed in the masonry, 325 

Total weight of castings for both tubes, 634 

The weight of wrought-iron in each tube, 400 feet long in the 
clear, is 1112 tons, and the working inch-strains, as already given 
in Table V. (48ft), are 6*85 tons tension and 5 tons compression 
with a train-load of one ton per foot uniformly distributed. 

The mean deflection of the two tubes, immediately after the 
removal of the platform on which they were built, was 8*04 inches 
inches, and 8'98 inches after taking their permanent set due to 
the strain (41ft). The deflection, from additional weight placed at 
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the centre, is *01104 inch per ton. The difference of deflection 
due to change of temperature, between noon and midnight on the 
5th July, 1848, was 1*56 inches (419). 

TORKSET BRIDGE, PLATE TUBULAR GIRDERS.* 

55§. — The Torksey bridge is a continuous girder bridge in two 
equal spans, and was erected by Mr. Fowler to carry the Manches- 
ter, Sheffield, and Lincolnshire Sulway over the river Trent. 
Each span is 130 feet long in the clear, with a double line of rail- 
way between two plate tubular main girders with cellular top 
flanges. The main girders are 25 feet apart, with single-webbed 
plate cross-girders, 14 inches in depth and 2 feet apart, attached to 
the lower flanges. The extreme depth of each main girder is 10 
feet. The depth from centre to centre of flanges is 9 feet 4f 
inches, or -j^^ih of each span. The gross sectional area of each top 
flange at the centre of each opening is 51 inches, the net area of 
each lower flange, is about 55 inches. The thickness of each plate 
of the web at the same place is ^ inch, increasing to f inch over 
the abutments and central pier. 

The load on each span of 130 feet was estimated as follows : — 


Tons. 

Tods. 

Bails and chairs, .8 


Timber platform, .15 


Cross-girders, .27 

177 

Ballast, 4 inches thick, 35 


Two main girders, .92 


Boiling load, as agreed upon by Mr. Fowler 

) 

and Capt. Simmons (Government Inspector), 

195 

Total distributed load. 

372 tons. 


The strength of the Torksey bridge as a continuous girder was 
calculated by Mr. Pole from the following data (951) : — 

The length of each span = 130 feet = 1,560 inches. 


Proc. Inst. C.E., Vol. ix. 
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The total distributed load on the first span = 400 tons, or 

for each girder 200 tons. 
The distributed load on the second span = 164 tons, or for 

each girder 82 tons. 
The coefficient of elasticity is taken equal to 10,000 tons 
for a bar one inch square. 
By eqs. 166, 167, and 168, the pressures of one girder on the 
points of support are as follows: — 

El = 82-375 tons. 
K, = 176-250 tone. 
Rs = 23-375 tons. 
By eq. 169, the distance of the point of inflection in the loaded 
span is 22 feet 11 inches from the centre pier. The moment of 
inertia = 372,500 by Mr. Pole's calculation. The distance of the 
top plates from the neutral axis = 64 inches ; that of the bottom 
plates from the same axis = 56 inches, and the maximum strains in 
the flanges of the loaded segment, 107 feet long, are 4-55 tons 
compression per square inch of gross area in the top flange, and 4 
tons tension per square inch of net area in the bottom flange. 
The deflection, with 222 tons distributed over one span, was 1*26 
inches. 

BBOTHEBTON PLATE TUBULAB BBIDGB.^ 

559* — The Brotherton bridge, on the York and North Midland 
Railway is a plate tubular bridge with one line of railway in each 
tube. The span is 225 feet, the depth 20 feet or -j^th of the 
length nearly, and the width of each tube between the side plates 
is 11 feet. 

The weight of one tube is as follows : — 

Wrought-iron between the bearings, 198 tons. 


Wrought-iron on the bearings. 
Cast-iron on the bearings. 
Cast-iron in rollers and plates. 

Total weight. 


13 „ 
14i „ 


235 tons. 


♦ Kncycl. Brit, Art. "Iron Bridges," p. 609. 
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The top flange is composed of a single plate, 
ever have been used either in the top or bottom. 


PLATE GIRDER BRIDGE OVER THE ROCHDALE CANAL.* 

ft60. — ^This bridge was erected by Mr. Fowler to carry the 
Manchester, Sheffield, and Lincolnshire Railway over the Boch- 
dale canal. The main girders are single-webbed plate girders, 
7 feet 5 inches deep, and 24 feet | inch apart from flange to flange, 
with a double line of railway resting on cross-orders, which are 15 
inches in depth, 2 feet from centre to centre and attached to the 
lower flanges. Each main girder is 168 feet long, but divided by 
an intermediate pair into two unequal spans of 96 and 60 feet 
respectively. 

The weight of each span is as follows: — 

Over the large span 96 feet in length — 


Two main girders, 
Cross-girders, 
Timber platform, 

Bails, &c., .... 
Maximum rolling load, say 2 tons per 
running foot, 

Total distributed load on large span, 
Over the small span 60 feet in length — 

Two main girders, . 

Cross-girders, 

Wooden platform, 

Bails, <&c., .... 

Maximum load 2 tons per running foot, 

Total distributed load on small span, 


Tons. 

44 
29-5 
11 
4 

192 
280-5 

Tods. 
20 

18-5 
7 

2-5 
120 

1680 


* Number on Bridget and Qirderi. 
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Regarding each span as an independent bridge the etrains in the 
flanges are as follows: — 



Large ipan. 

Small span. 

Compreflflion flange, 

8*96 tons per square inch. 

4' 73 tons per sqnaie inch. 

Tension flange, 

4*24 do. do. 

5*81 do. do. 


In computing the sectional area of the flanges^ the angle irons 
by which they are united to the web have not been taken into 
consideration ; this will perhaps compensate for the weakening of 

the plates of the tension flange by the rivet holes. 

561. Hechaiilcal properties off s<e<4 — Siae and weights off 
various materials. — ^The first of the following tables contains 
the results of recent experiments by Mr. Fairbairn on the strength 
of steel, which were published too late to introduce into the body 
of the book. The remaining tables refer chiefly to the size and 
weights of various materials, and will be found useful for reference. 
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TABLE XIII.— Valuib or Gaoib fob Wi&i amd Shir Mitaus ik gkmxbal 

U8I, SZPBBB8BD IN DldHAL FABT8 OF THX UOH.* 


for Iron Win 

Mid for Sheet Iron 

udSteeL 

Btrtnlnghem 

GAgefor 

Sheet Meu]a,Bnua, 

Gold, Silrer, Ac 

Lanouhlre gage for round Steel Wire, eiid alio for 
Pinion Wire. 
The BuJler risee diaUngniahed by nmnben. 
The larger by letten, and called the Letter Q$igt. 

Mark. Sixe. 

Mark. Size. 

Mark. Size. 

Mark. Size. 

Mark. Size. 

0000 — -454 

1 — 004 

80 — -018 

40 — -096 

A — -284 

000— -425 

2—005 

79 — -014 

89 — -098 

B — -288 

00 — -880 

8 — -008 

78 — -016 

88 — -100 

— -242 

-- -840 

4 — -010 

77 — 016 

87 — -102 

D — -246 

1 — -800 

5 — 012 

76 — -018 

86 — -105 

E — -250 

2 — -284 

6 — 018 

75 — 019 

85 — -107 

F — -257 

8 — -259 

7 — -016 

74 — 022 

84 — 109 

G — -261 

4— -288 

8— -016 

78 — 028 

88 — -111 

H — -266 

5 — -220 

9 — -019 

72 — -024 

82—115 

I — -272 

6 -208 

10 — -024 

71 — 026 

81 — -118 

J — -277 

7 — -180 

11 — -029 

70 — -027 

80 — -125 

K — -281 

8 — -166 

12 — -084 

69 — -029 

29 — -184 

L — -290 

9 — 148 

18 — 086 

68 — -080 

28 — 188 

M-^*295 

10 ~ 184 

14 — -041 

67 — 081 

27 — -141 

N — -802 

11—120 

15—047 

66 — -032 

26 — 148 

— -816 

12 — -109 

16 — -061 

65 — 088 

25 — -146 

P — -828 

18—096 

17 — 057 

64 084 

24 — -148 

Q — -882 

14 — 088 

18 — -061 

63 — 085 

23 — 150 

R — -889 

15 — -072 

19 _ H)64 

62 — -086 

22—152 

S — -848 

16—065 

20 — -067 

61 — -088 

21 — -157 

T — -858 

17—058 

21 — 072 

60 — 089 

20 — -160 

U — -868 

18 _ 049 

22 — 074 

59 _ 040 

19— -164 

V — -877 

19 — 042 

28 — 077 

58 *041 

18 — -167 

W — -886 


* From Holtzapilers Mechauioal Manipulation. 
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Table XIII.— Valubs of Gaobs fob Wibb and Shebt Mbtals ik qbrbbal 

UBB BXFBB86BD IN DBOIMAL PABTB OF THB INCH — Continued. 


Rtrmiii^uun CHige 

for Iron Wire 

md for Sheet Iron 

and SteeL 

Birmingham 

Gage for 

Sheet Metala, Braas, 

Gold, Sflver, Ac 

Laaeaahire gage for round Steel Wire, and also for 

Pinion Wire. 

Tlie amaner alae dlstingolshed by nnmbers. 

The larger by letters, and ealled the Letter Gage. 

Mark. Siie. 

Mark. SiM. 

Mark. «ue. 

Mark. 8iie. 

Mark. Siie. 

20 — -085 

24 — -082 

67 _ 042 

17 — 169 

X — -897 

21 — -082 

25 — 095 

56 — -044 

16—174 

Y — -404 

22 — -028 

26 — -103 

55 — -050 

15—175 

Z — -418 

28— -025 

27 — -118 

54 — -055 

14 --177 

Al — -420 

24 — 022 

28 — -120 

58 — -068 

18 — -180 

B 1 — -481 

25 — 020 

29 — -124 

62 — 060 

12 — -185 

01- -448 

26 — -018 

80 — 126 

51 -064 

11 — -189 

D 1 — -452 

27 — -016 

81 — -188 

60 — -067 

10 — -190 

B 1 — -462 

28 -014 

82—148 

49 - -070 

9 — -191 

F 1 — -475 

29 — -018 

88—146 

48_.078 

8 — -192 

G 1 — -484 

80 — 012 

84 — -148 

47 — 076 

7 — 195 

H 1 — -494 

81 — -010 

85 — -158 

46 - -078 

6 — -198 


82 — -009 

86 — -167 

46 — -080 

5 - -201 


88 — -008 


44 — -084 

4 — -204 


84 — -007 

• 

48 — -086 

8 — -209 


85 — -005 


42 — -091 . 

2 — -219 

' 

86 — -004 


41 — -096 

1 — -227 



Goltunn 1 refers to the gage oommonly called the Birmmffham Wire Ooffe, whieh is 
employed for iron, brass, and other wires, for black steel wire, for sheet iron, sheet 
steel, and various other materials. 

The gage referred to in the second colamn is called the BimUngham Metal Oage, 
or the Plate Gage, and is employed for most of the sheet metals, excepting iron and 
SteeL 
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TABLE XIY. — WsioRT of a supiBricuL Foot of yahous 1€xtal8 ih lbs. 


KAM£a 

THICKNESS BT THE BIRIONGHAH WIRE 0A6K 

















1 

2 

8 

4 

6 

6 

7 

8 

9 

10 

11 

12 

18 

14 

16 

Wrought-) 
Iron, ) 

12-50 

12-00 

11-00 

10-00 

8-74 812 

7-60 

6*86 

6*24 

6*62 

5-00 4-88 J 

176 

8^12 

t2-82 

Copper, . 

14-60 

18-90 

12-76 

11-60 

10-10 9*40 

8*70 

7-90 

7-20 

6-60 

5-80 

5*08- 

1*34 

3^6C 

13 27 

Bran, . 

18-76 

1810 

1210 

11-00 

9-611 

3*93 

8-25 

7-64 

6-86 

6-18 

5-60 

4-81- 

il2 

8-4S 

18-10 

1 

Wrought-) 
Iron, j 

16 

17 

18 

19 

20 

21 

22 

28 

24 

26 

26 

27 

28 

29 

80 

2-60 

2-18 

1-86 

1*70 

1-641 

L*40 

1-25 

1-12 

1-00 

-90 

•80 

-72 

•64 

•5t 

) -60 

1 

Copper, • 

2-90 

2-62 

2-16 

1-97 

1-78] 

1-62 

1-42 

;i-so 

1-16 

104 

•92 

•83 

•74 

-64 -68 

Brass, . 

2-76 

2-40 

204 

1-87 

1*69: 

L-64 

1-87 

1-23 

1*10 

-99 

•88 

•79 

•70 

•61 

L '55 

KAMES. 

THICEMESS IN PARTS OF AN INCH. 

tV 

I 

A 

i 

A 

i 

A 

i 

i 

} 

i 

1 

Wrought-) 
Iron, 

2-6 

60 

7-6 

10-0 

12-6 

16* 

17*5 

20* 

26* 

80- 

86^ 

40- 

Copper, . 

2*9 

6-8 

8-7 

11-6 

14*6 

17-2 

200 

28*2 

28-9 

84-8 

404 

46*2 

Brass, . 

2-7 

6-5 

8*2 

11-0 

13-7 

16-4 

19-0 

21-8 

274 

32-6 

37-9 

43*8 

Lead, 

8-7 

7-4 

111 

14-8 

18-6 

22-2 

26-9 

29-6 

87-0 

44*4 

61-8 

59-2 

Zino, 

2-8 

4-7 

7-0 

9-4 

11-7 

14-0 

16-4 

18-7 

23-4 

281 

82-8 

37-6 
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TABLE XV. — Spioiho Gbayitt avd Wbiobt of a oubio foot of diffibbnt 

Woods.* 


Kind of Wood, and lUto. 


Specific 
gruTlty. 


Weight 

of a 

cubic 

foot in 

pounda. 


Kind of Wood, and state. 


Spedfle 
gravity. 


Weight 

of a 

cubic 

foot in 

pounda 


Abele, dry 
Acacia (false) green 

Do., dry 

Do., dry 

Do., (three-thomed) 
Alder • 

Do., dry 
Almond tree - 
Apple tree 
Apricot tree • 
Arbor rits (Chinese) 
Ash (heart-wood) dry 

Do., dry 

Do., young wood, dry 

Do. • 

Do. - 

Do. (old tree) dry 

Do., dry 
Bay tree 
Beech (meanly dry) 

Do. . 

Do. - 

Do. - 

Do., dry 
Birch, dry 
Box (Dutch) - 

Do., dry 

Do. - 


Do. 


(from 

(to 


Do., dry 

Do., Turkey - 
Brazil wood (red) 
Canary wood 
Cedar (Indian) 

Do. (Canadian) 

Do. (Virginian red) dry 

Do. (Palestine) 

Do. (American) 

Do. do. seasoned 
Cedar of Libanus 

Do. do. dry - 

Cherry tree 

Do. do., dry 
Chesnut (sweet) green 

Do. - 
Chesnut (aweet) dry 

Do., another specimen, 
dry 

Do. (horse) • 


•511 T. 
•820 E. 
•791 H. 
•748 T. 
•676 H. 
•800 M. 
•655 E. 
•102 H. 
•793 M. 
•789 H. 
•560 H. 
•846 P. 
•832 W. 
•811 T. 
•800 J. 
•760 B. 
•758 T. 
•690 E. 
•822 M. 
•854 P. 
•852 M. 
•720 H. 
-696 B. 
•690 E. 
•720 E. 
328 M. 

030 J. 

031 P. 
1024B. 

•960 B. 

•950 W. 

•949 K. 
1-031 M. 

•723 R. 

1-315 M. 

753 C. 

•650 T. 

•596 M 

•560 M. 

•468 C. 
603 H. 

•486 T. 

•741 H. 

•672 T. 

•875 E. 

•685 H. 

•606 T. 

•635 T. 

•657 H. 


3200 
61^25 
49*43 
46-75 
42-25 
60-00 
34-68 
68-87 
49*56 
49-31 
35^00 
52-81 
52-00 
50-68 
50-00 
47-50 
4706 
43^12 
51-87 
53^37 
53-26 
45-00 
43-50 
43*12 
4500 
83'00 
64*37 
64-43 
6400 
60-00 
69-37 
5931 
64-48 
45-18 
82*18 
47*06 
40-62 
87-25 
35-00 
28-31 
37*68 
3037 
46-31 
4200 
64*68 
42-81 
87-95 
83*45 

41*06 


Chestnnt (horse), dry - 

Do. do., another 

specimen, dry 
Cocoa wood 
Cork - - . 

Cowrie 

Crab tree, meanly dry 
Cypress 

Du. (Spanish) 
Deal, white. See fir 

Do,f yellow. See pine 
Ebony (American) 

Do. (Indian) 

Do. - 
Elder tree 
Elm, green 

Do. - 

Do., seasoned 

Do. - 

Do. (common) dry 

Do., wych, young 
tree^ green 

Do. do. dry 
Filbert tree 
Fir (Norway spruce) • 

Do., (white American 
spruce) 

Do. (silver) green 

Da, dry 

Do. (Scotch.) See 
pine 
Fustic 
Hazel 
Hickery 
Hornbeam 
Jasamine (Spanish) 
Juniper wood • 
Laburnum 
Lance wood 

Do. do., dry 
Larch, green - 

Do. (red wood) seasoned 

Do., dry 

Do., dry 

Do., (white wood) 
seasoned 
Lemon tree 
Letter wood 
Lignum vitn - 

Do. 


•696 T. 
•488 T. 


1-040 M. 

•240 M. 

•579 

765 P. 

655 H. 

644 M. 

1-381 M. 

1*209 M. 

1*108 B. 

695 M. 

940 C. 

'693 S. 

•688 C. 

-653 B. 

•544 E. 

•768 E. 


■684 T. 
-600 M. 
-612 T. 
•465 T. 

•531 Wi. 
•408 Wi. 


-817 R, 
-606 M. 
•929 8. 
•760 H. 
•770 M. 
-556 
•848 T. 
1038 L. 
-948 R. 
•868 Wi. 
-640 T. 
-612Wi, 
•496 T. 
•864 T. 

•708 
1-286 C. 
1-833 M. 
1^327 P. 


37*28 
30*18 

6500 
15^00 
86*20 
47-81 
40-98 
40-25 


83-18 
7556 
69^25 
48-43 
58-75 
44*41 
36-76 
8466 
34-00 
47-68 

42-75 
37*50 
82-00 
29*06 

83*20 
25*22 


51-06 
37*87 
58-06 
47*50 
48*12 
34-76 
52 70 
64*87 
58*93 
53-63 
40*00 
38*81 
81-00 
22-75 

48*93 
80-37 
83^31 
82-93 


* TredgoUTi OarpaUrif, p. 298. 
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TABLE XV. — SPicmo Gbatitt and Weioht or a oubio foot or diitibbnt 

Woods — etrntinued. 


Kind of Wood, and state. 


Spedflc 
gravity. 


Weight 

of a 

enbic 

foottai 

poondi. 


Kind of Wood, and state. 


Spedflc 
graTlty. 


Weiglit 

of a 

cubic 

foot In 

pomada. 


Lime troo 

Do. 

Do. 

Logwood 
MJbogany (Spanish) dry 

Do. dry 

Do. (Honduras) diy - 
Maple (Norway) 

Do. dry 

Do. (oommon) diy 
Medlar tree - 
Mnlberry tree (Spanish) 
Oak (Hire) half seasoned 

Do. (English green) 

Do. (Fr^ch green) 

Do. (Irish bc^) 

Do. (eyeigreen) 

Do. (Adriatic) 

Do. (black bog) dry 

Do. (white American) 
half seasoned 

Do. {Q^arcu» $euiU- 
fiora) 

Do. (American white) 

Do. (Provence) sea- 
soned 

Do. (QueretM rolmr) 
dry 

Do. (English) seasoned 

Do. (Dantzic) seasoned 

Do. (American) red • 

Do. (Riga) dry 

Do. (English) from 
an old tree, dry 
Olive tree 
Orange tree 
Pear tree, dry - 

Do. 

Pine (American pitch) 
diy 

Do. (do.) seasoned 

Do. (pinaster) green • 

Do. (Scotch) green - 
I Do. (Mar Forest) 


•604 M. 

■564 H. 

•480 T. 

•918 P. 

•852 T. 

•816 W. 

•560 T. 

•796 L. 

•755 P. 

•624 T. 

-944 M. 

•897 M. 
1^216 GhJ 
1118 C. 
1-063 Ba. 
1-046 C. 

•994 H. 

•998 B. 

•965 R. 

•908 Oh. 

•879 T. 

•840 H. 
•828 D. 

•807 T. 

•777 C. 
•755 T. 
•752 L. 
•688 T. 
•625 T. 

•927 M. 
•705 M. 
•708 T. 
•646 B. 
•986 T. 

•741 0. 
•887 Wi. 
•816 Wi. 
•696 B. 


87^75 
85^25 
80^00 
57-06 
58^80 
51-00 
85^00 
49^68 
47-18 
82-75 
59-00 
56^06 
76-08 
69-56 
66-48 
65-37 
62*25 
62-06 
60-81 
56-75 

54^97 

5250 
51^75 

50^47 

48-56 
4724 
47-00 
48^00 
89-06 

57-98 
44^06 
44-25 
40-37 
585 

46-81 
5285 
51^08 
43^50 


Pine (planted Scotch) 
dry 
Do. (Scotch) diy 

Do. (Memel) diy |^™ 

Do. (Riga) dry |^ 

Do. (Weymouth) dry 

Do. (American) dry - 
Plane (occidental) dry - 

Do. (oriental) 
Plane tree (oommon). 

See sycamore 
Plom tree 

Do. • 
Poena (seasoned) 
Poplar (Spanish, white) 

Do. (black) dry 

Do. (Lomberdy) dry - 
Qoince tree 
Sassafras 
Satin wood 

Sanl (Bengal) seasoned 
Service tree 

Sissoo (Bengal) seasoned 
Stinkwood (seasoned) - 
Sycamore 

Do. dry 
Teak, dry 

Do. 

Do. seasoned 
Tnlip tree 
Vine 
Walnut tree^ green 

Do. (American) 

Do. (French) 

Do. dry 
Willow, green - 

Do. dry {^7 

Yellow wood (seasoned) 
Yew (Spanish) 

Do. (Dotch) - 

Do. 


•529 T. 

•429 Wi. 
-558 
•544 T. 
•480 
•466 T. 
•460 T. 
•868 T. 
•648 E. 
•588 H. 


•785 M. 
•668 P. 
•685 O. 
•529 M. 
•421 T. 
•874 B. 
•705 M. 
•482 P. 
•952 R. 
•994 L. 
-742 H. 
•889 L. 
•681 0. 
•645 H. 
-590 E. 
-882 Ch. 
-745 B. 
•657 0. 
•477 H. 
L287 M. 
•920 £. 
•785 H. 
•671 M. 
•616 T. 
•619 E. 
•568 
•404 T. 
•657 0. 
•807 M. 
•788 M. 
•788 H. 


88^06 

26-81 
84-56 
84-00 
80-00 
29-12 
28-75 
28-00 
40-50 
83*62 


49-06 
41-48 
89-95 
83-06 
26^81 
24-37 
4400 
8012 
59^50 
62^12 
46-87 
55-52 
42-56 
40-81 
86-87 
52H)0 
46-56 
41-06 
29-81 
77-81 
57-50 
45-98 
41*93 
88-50 
38-68 
85-50 
2525 
41-06 
50-43 
49-25 
48-62 


, The letters following the specific gravities refer to the authorities — B., Barlow ; 
Bn., Bnffon ; C, Couche ; Ch., from Cfiapman en Pruervation qf JHmber ; E., Ebbels ; 
H., from Rondelet's table ; J., Jurin ; L., Layman ; M. Muschehbroek ; P., Philotophkal 
Trantaeti(m$, Vol. i., Lowikorp*8 Abridgement; R. Ralph Tredgold ; S. Scoresby ; T., 
Tredgold; W., Watson (Bishop); Wi., Wiebeking. 
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TABLE XVI. — Spboifio Giblayut and Wbioht of ▲ cubic foot of various Matsbials.* 


Name of the Sabatance. 


Specific 
grayity. 


Weight 

of a 

cnblc 

foot in 

pounds. 


Name of the Substance. 


Specific 
gravity. 


Weight 

of a 

cubic 

foot in 

pounds. 


Air (atmospheric), 
Alabaster. See gypsum. 

Do. fFairhead), 
Do. (Derbyshire), 
Do. (Giant's Cause 

way), 
Do. do 

Do. (Rowley rag), 
Beee' wax (yellow), 
Bismuth (cast), 
Bitumen, of Judea> 
Brass (wire drawn), 
Do. (plate), • 
Do. (cast), 

Brick (common), \^^ 

Do. (red), 

Do. (pale red). 

Do., 

Do. (common London 

stock), 
Do. paving (English 

clinker), 
Do. (Dutch clinker), • 
Do. (Welsh fire), 
Brickwork, about 
Cement (Roman) and 

sand in equal parts, 
Do., alone (cast). 

Chalk. j*^" 

Do.(Cambridgeclunch) 
Do. (Dorking), 
Charcoal from birch, 
Do. from fir, - 
Do. from oak, 
Do. from pine. 


J from 
■Jto 


Clay (potter's). 

Do. (common), 
Do., with gravel. 
Do., slate. See slate. 

Coke, - - - 

Coal (Kilkenny), 
Do. (Glasgow splint). 
Do. (Cannel), 
Do. (Newcastle 
caking), 


•0012 

300 
2-478 
2-95 K. 
2-921 W. 
2-90 K. 

2*864 Br. 
2-478 K. 

•966 
9-822 
1-104 
8-544 
8-Ul W. 
8^100 P. 
1-657 
2-000 
2-168 Re. 
2-085 Re. 
1-857 Be. 
1-841 T. 

1-658 R. 

1-482 R. 
2^408 T. 

1-817 T. 

1^600 R. 
2-315 
2-657 Th. 
2-657 W. 
1-169 R. 

-542 K. 

•441 K. 

•332 K. 

•280 K. 
1-800 
2-085 K. 
1-919 Be. 
2-560 

•744 K. 
1-626 K. 
1-290 Th. 
1-272 Th. 
1-269 Th. 


•075 

187-50 
154-87 
184-37 
182^56 
181-25 

17900 
154-87 

60-81 
613-87 

69-00 
53400 
527*56 
506*25 

97-81 
125*00 
135-50 
130-31 
11606 
116*06 

103-81 

92-62 
150-50 

9500 
113-56 

100-00 

144-68 

166-06 

166-06 

116-81 

33*87 

27*66 

20-75 

17-50 

112*50 

130-31 

119-93 

160-00 

46*50 
95-37 
80-62 
79*60 
79*31 


Copper (British sheet), 
(Do. (British cast), - 

Earth (common), |^™ 

Do. (loamy or strong), 
Do. (rammed). 
Do. (loose or sandy), - 
Firestone, 

FliBt, l*^"" 

Do. (black Cambridge) 
Freestone. See stone 
Glass, white flinty 

Do., plate, 

Do., crown, - 
Gold, pure, cast. 

Do., standard, 

G«nite. {^^ 

Do. (Guernsey), 

Do. (Aberdeen gray), 

Do. (Comisb), 

Do. (do.), 

Do. (Aberdeen red). 

Do. (Cornish), 
Gravel, 
Gunpowder (solid), 

Do. (shaken), 
Gypsum (plaster stone), 

Iron (bar), [^ 

Do., hammered. 
Do., not hammered, 

Do. (east), {^^ 

Do. (horizontal ditto), 

Do. (vertical castings), 
Ivory, 
Lead (milled). 

Do. (cost). 

Do., black. See Plum 

bago. 
Lime, quick, - 
Limestone. See stone 

and marble. 
Loam. See earth, 

MarWe, {^^^ 

Do., Parian white, 
Do., veined white. 


8-785 Ha. 

8-607 Ha. 

1*520 

1-984 

2016 

1*584 Pa. 

1*620 

1-800 

2*580 

2*630 Th. 

2-592 W. 

3-000 

2-760 

2-520 
19-361 Br 
17-724 Th. 

2-999 

2-588 K. 

2-999 W. 

2-664 R. 

2-662 Re. 

2-653 R. 

2-643 R. 

2-624 T. 

1-749 P. 

1-745 
•922 

2-286 W. 

7-600 

7-800 K. 

7-763 M. 

7-600 M. 

7-600 

7-200 Th. 

7-113 Re. 

7 074 Re. 

1^826 P. 
11-407 Th. 
11*862 Br. 


•848 Be. 


2*840 
2-580 
2-837 K. 
2-726 Re. 


549-06 

637-93 

95-00 

124*00 

126-00 

9900 

96-00 

112-50 

161-25 

164-37 

162-00 

187-50 
172-50 
157^50 
121006 
1107*75 
187-47 
158*62 
187-47 
166*5 
166*87 
165-81 
165-18 
164*00 
109-82 
109-06 
67-62 
142*87 
47600 
487-60 
486-18 
47500 
475-00 
46000 
444-56 
442-12 
114-12 
712-93 
709-60 


62-68 


177-50 
161-26 
177-31 
170*87 


TredgoUTa Carpentry^ p. 300. 
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TABLE XYI. — SPiomo Gbavitt aitd Wuoht ov a cubic foot or taiuous Matkbials — 

continued. 


Name of the SubtUnce. 


Specific 
gravity. 


Weight 

of a 

coble 

foot In 

pounds. 


Name of the Substance. 


Specific 
gravity. 


Weight 

of a 

cubic 

foot In 

pounds. 


Marble, Carrara white, 
Do., do. blue, - 
Do., Italian black, - 
Do., Derbyshire en tro- 

chal. 
Do., Sa^on gray, 
Do., Brabant black, 
Do., Derbyshire black, 
"Do. f Namnr black, - 
Do., Sienna yellow, - 
Do., Pallion brown 

figured, 

Mercery (floid). 
Mortar, 
Do., of river sand three 
parts, of lime in 
pante two parts. 
Do., do., do., well beat 

together, 
Do., of pit sand three 
parts, of lime in 
paste two parts. 
Do., do., do., well beat 

together, 
Do., of ponnded tile 
three parts, of 
qnick-lime two 
parts, 
Do., do., do., well beat 

together. 
Do., common, of chalk 
lime, and sand, 
dry, 
Do., the lining of an 
antique reservoir 
near Rome, 
Do., from the interior 
of an old wall, 
Rome, 
Do., lime, sand, and 
hair, nsed for 
plastering, dry. 
Oolite. See rtone, roe. 
Peat, hard, 
Pebble (English), 
Pewter, 
Pitch, - 

Plaster (cast), • 
Platina pure, - 


2-717 K. 
2-713 K. 
2-712 K. 
2-709 R. 

169-81 
169-56 
169-50 
169-31 

2-700 K. 
2-697 Re. 
2-690 W. 
2-682 R. 
2-677 K. 
2-586 R. 

16875 
168-56 
168-12 
167-62 
167-31 
161-62 

1-600 
2-870 Th. 
13-568 Br. 
1-715 Be. 
1-615 Ro. 

100-00 
179-37 
848-00 
10718 
100-93 

1-893 Ro. 

118-31 

1*588 Ro. 

99-25 

1-903 Ro. 

118-93 

1-457 Ro. 

91-06 

1-663 Ro. 

103-93 

1-550 R. 

96-87 

1-549 Ro. 

96-81 

1-414 Ro. 

88-87 

1-384 R. 

86-50 

1-329 
2-609 
7-248 
1150 P. 
1-286 Be. 
21-581 Th. 

83-06 

163-06 

453-00 

71-87 

80-87 

1345-68 


or 


black 


Potstone, 
Puzzolana, 


Plumbago, 
lead. 

Porphyry (green), 

Do. (red), 

(from 

tto 

(from 

Quartz (crystallized), - 
Roe-stone. See stone. 
Road-grit. See sand. 
Sand (pure quartz), - 
Do., river, - 
Do. River Thames 

(best), - 
Do., pit (clean but 

coarse). 
Do., pit (fine-grained 

and clean). 
Do., scraped from 
London roads 
• (road-grit), 
Do., pit (very fine 

grained). 
Do., River lliames 
(inferior), 
Sandstone. See stone. 
Serpentine, Anglesey 
green. 
Do., blackish green, • 
Do., dark reddish 
brown 
Silver, pure cast, 
Do., standard, 
Slate, Welsh, • 
Do., Anglesey, 
Do., Westmoreland, 

pale blue. 
Do., do., dark blue, • 
Do., do., pale greenish 

blue, 
Do., do., blackish blue, 

used for floors. 
Do., Welsh rag, 
Do., Westmoreland, 
fine grained pale 
blue. 
Do., Cornwall, grayish 

blue. 
Stone, Bath (roe-stone), 
Do., do. 


2-267 

2-875 

2-793 

8-000 

2-768 K. 

2-670 

2-850 K. 

2-655 


2-750 
1-886 Be. 
1-638 T. 

1-610 T. 

1-523 T. 

1-494 T. 

1-480 T. 
1-454 T. 

2-688 R. 

2-574 K. 
2-561 K. 

10-474 Br. 
10-312 Th. 

2-888 K. 

2-876 K. 

2-791 W. 

2-781 W. 
2-768 W. 

2-758 W. 

2-752 K. 
2-782 W. 

2 512 K. 

2-494 K. 
1-975 R. 


141-68 

179-68 
174-56 
187-50 
173-00 
160-62 
178-12 
165-98 


171-87 
117-87 
102-37 

100-62 

95-18 

93-87 

92-50 
90-87 

167-68 

160-87 
16006 

654-62 
644-50 
180-50 
179-75 
174 43 

17381 
17300 

172-87 

172-00 
170-75 

15700 

155-87 
123-43 


APP.] 


WEIGHTS OP VARIOUS MATERIALS. 


489 


TABLE XVI. — Spxcifio Gravity Aim Wkight of a oubio foot of vabious Materials— 

continued. 




Weight 



Weight 

Name of the Substance. 

Specific 
gravity. 

of a 

cubic 

foot in 

pounds. 

Name of the Substance. 

Spedflc 
gravity. 

of a 

cable 

foot in 

pounds. 

Stone, blae lias (lime- 

2-467 R. 

154-18 

Stone, Portland (roe- 

2-461 W. 

153-81 

stoue), 



stone). 



Do.y Bromley-fidl 

2-506 Re. 

156-62 

Do., Portland (roe- 

2-423 Re. 

151-43 

(sand-stone), 



stone) 



Do., do., 

2-261 R. 

141-81 

Do., do., do.. 

2-113 R. 

13206 

Do., Bristol stone, - 

2-610 

156-87 

Do., pumice. 
Do., Purbeck, 

-629 R. 

39-81 

Do., Burford (dry 

2049 P. 

12806 

2-680 W. 

167-50 

piece), 



Do., do., 

2-599 Re. 

162-43 

Do., Caen (calcareous 

2108 R. 

181-75 

Do., Roach Abbey 

1-893 R. 

118-81 

sandstone). 



(magnesian lime- 



Do., Clitheroe lime- 

2-686 W. 

167-87 

stone), 



stone, 



Do. (Tottenhoe cal- 

1-800 T. 

112-50 

Do., Collalo, white 

2 428 Re. 

151-43 

careous sandstone), 



(sandstone), 



Do., Woodstock flag- 

2-614 K. 

168-37 

Do., do.. 

2-040 R. 

127-50 

stone. 



Do., Grugleith, sand- 

2*452 Re. 

158-25 

Da, Yorkshire paving, 

2-507 Re. 

156-68 

stone, 



Do., do., do., 

2-856 R. 

147-25 

Do., do , 

2-860 R. 

147-50 

Stonework, mean 


107-00 

Do., Derbyshire (red 

2-846 Re. 

146-62 

weight according 



friable sandstone), 



to Belidor, about 



Do., Dundee, 

2-580 Re. 

158-12 

Shingle, 

1-424 Pa. 

89*00 

Do., do., 

2-517 T. 

167-31 

steel. {*»■» 

7-780 

486-25 

Do., (grindstone) 

2-148 

188-93 

7-840 Th. 

490-00 

Do., Hedding-stone, 

2-029 P. 

126-81 

Syenite (Mount Sorrel), 

2*621 

163-81 

lax kind. 



Tile (common plain), - 

1-853 R. 

116-15 

Do., Hilton (sand- 

21 77 R. 

186-06 

Do., - 

1-815 Be. 

113-43 

stone), 



Hn, hammered, 

7-299 Bv. 

456-18 

Do., Kentish rag, 

2-675 R. 

167-18 

Do., pure cast. 

7-291 Br. 

455-68 

Do., Ketton (roe-stone) 

2-494 K. 

156-87 

Toadstone (Derbyshire), 

2-921 W. 

182-56 

Do., do., - • 

2-058 R. 

128-62 

Tufa (Roman),- 

1-217 Ro. 

76-06 

Do., Kincardine (sand- 

2-448 T. 

158-00 

Water, sea, 

1-027 Th. 

64-18 

stone), 



Do., run. 

1-000 

62-50 

Do., Limerick (black 

2-598 Re. 

162-87 

Whinstone (Scotch), - 

2-760 W. 

172-50 

compactlimestone), 



Wood ashes, • 

•938 P. 

68-82 

Do., Pennarth (lime- 

2-658 W. 

165-81 

Wood petrified, ^ - 

2-341 P. 

146-31 

stone). 



Zinc, - . - 

7-028 W. 

439-25 


Part of the letters of reference are explained in a note to the preceding table. The rest 
are as follows :— Be., Belidor ; Br., Brisson ; Ha., Hatchet ; K., from Kirwan't Mineralogy; 
Re., Rennie, PhU, Magazine, Vol. liii. ; Ro., Rondelet ; Th., from Dr. Thonuon** System of 
OhemiHry, 5tli edition ; Pa., Pasley, Coarse of Militaiy Instruction, 
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TONS CONVEKTED 


[app. 


TABLE XVII. — Fob Comvxrtiko Toys into Lbs. Atoibdupoib. 


Tons. 

Cwts. 

LbB. 

Tom. 

Cwts. 

Lbs. 

005 

1 
1 

112 

0-55 

11 

1,232 

0-10 

2 

224 

0-60 

12 

1,344 

0-15 

8 

386 

0*65 

13 

1,456 

0-20 

4 

448 

0-70 

14 

• 1,568 

0-25 

5 

560 

0-75 

16 

1,680 

0-80 

6 

672 

80 

16 

1,792 

0-85 

7 

784 

0-85 

17 

1,904 

0-40 

8 

896 

0-90 

18 

2,016 

0-45 

9 

1,008 

0-95 

19 

2,128 

0-50 

10 

1,120 

100 

20 

2,240 
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TABLE XYII. — Fob CoirvxBTiiro Tons into Lbs. Atoibdupoib — continued. 


Tons. 

Lbs. 

Tous. 

Lbs. 

Tons. 

Lbs. 

Tons. 

Lbs. 

1 

2,240 

26 

58,240 

51 

114,240 

76 

170,240 

2 

4,480 

27 

60,480 

52 

116,480 

77 

172,^80 

S 

6,720 

28 

62,720 

53 

118,720 

78 

174,720 

i 

8,960 

29 

64,960 

54 

120,960 

79 

176,960 

5 

11,200 

30 

67,200 

55 

123,200 

80 

179,200 

6 

18,440 

31 

69,440 

56 

125,440 

81 

181,440 

7 

15,680 

32 

71,680 

57 

127,680 

82 

183,680 

8 

17,920 

88 

73,920 

58 

129,920 

83 

185,920 

9 

20,160 

84 

76,160 

59 

132,160 

84 

188,160 

10 

22,400 

3d 

78,400 

60 

134,400 

85 

190,400 

11 

24,640 

36 

80,640 

61 

186,640 

86 

192,640 

12 

26,880 

37 

82,880 

62 

138,880 

87 

194,880 

13 

29,120 

88 

85.120 

63 

141,120 

88 

197,120 

14 

81,360 

39 

87,360 

64 

143,860 

89 

199,360 

15 

83,600 

40 

89,600 

65 

145,600 

90 

201,600 

16 

35,840 

41 

91,840 

66 

147,840 

91 

203,840 

17 

38,080 

42 

94,080 

67 

150,080 

92 

206,080 

18 

40,820 

43 

96,820 

68 

152,320 

93 

208,820 

19 

42,560 

44 

98,560 

69 

154,560 

94 

210,560 

20 

44,800 

45 

100,800 

70 

156,800 

95 

212,800 

21 

47,040 

46 

108,040 

71 

159,040 

96 

215,040 

22 

49,280 

47 

105,280 

72 

161,280 

97 

217,280 

23 

51,520 

48 

107,520 

78 

163,520 

98 

219,520 

24 

53,760 

49 

109,760 

74 

165,760 

99 

221,760 

25 

56,000 

1 

50 

112,000 

75 

1 68,000 

1 

100 

1 

224,000 

1 


I PLATB V. 


INDEX. 


r 


A roof, . - - - 

Absolute mazimam strains, 
Adie's experiments on linear expansioD, 
Alloys, crashing strength of, 

tensile strength of, 

Ambigaitj respecting strains in webs. (See " Web") 

continnont girders, 

girders resting on more than two 

&nlty designs, 

plate girders, 

lattice bracing, 


Anderson's bent lattice crane, 
on oross-girders, 

rule for weights of railway girders under 200 

trough girder, 

Angle-iron. (See "Wrought-iron") 

ordinary sixes, 

Angle of bracing, trigonometrical functions, 

economy for isosceles bracing, - 

do. for vertical and diagonal braong, 

fracture from crushing, 

Annealing cast-iron, .... 

cluuns, .... 

copper wire, - - - - 

glass, - ... - 

gun metal, - . - . 

steel, ----- 

wire reduces its tensile strength, 

wrought-iron, 

Antimony, coefficient of linear expansion. 
Apex, definition, 
Appendix, 
Arch, braced, 

cast-iron, 

flat, 

laminated, 

stone, 


feet in length. 


points. 


352, 


▲BT. 

134, 223 
175, 214 
415, 417, 418 
- 828 
800 to 862 

256 
210 
198 
482 
186 
200 
450 
585 
450 

439 
276 
278 
274 
288 

809, 811, 846 
355 
860 
888 
862 
485 
857 

855, 857, 408 


415 
187 
542 to 561 
49, 208 to 228 
222, 477 

- 219 

- 541 
49, 414 

2 L 
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INDEX. 


Arohee, how affected by changes of temperature, 
Arched flange, .... 

girders, • - - * - 

roo^ .... 

Bemi-girders, ... 

Area, net or effective, 

Ashlar-work. {See " Working strain.") 
Axioms, .... 

Axis. (See " Neutral axit,") 


▲BT. 

- 414 

. 428 

208 to 223, 428 

- 208 to 210 

. 200 to 207 

841, 483, 466, 480, 481, 497 


142 


Ballast, weight o^ .... 

Bar-iron. {See " Wrought-iron.**) 

weight o^ - - 

Barlow, P., experiments on strength of materials, 8, 64, 
Barlow, W. H., on position of the neutral axis, • 
Barton's lap-joint, .... 
experiments on braced pillars, 

do. on deflection. 


Bay, definition, ..... 
Beam, definition, ... . . 

Bell metal, tennle strength, ... 

Bent crane, ..... 

girders. {See " OirderSf dbligue or curved,**) 

Bevan's experiments on strength of materials, 

Bismnth, coefficient of linear expansion. 

Board of Trade regulations respecting railway bridges. {See *'Trade,**) 

Boat plates. {See "Ship platee.") 

Boilers, working load on, ... 

Boiler plate, ..... 

Boiler-maker's rule for riveting, - 

Bolts, adhesion of in timber, ... 

proportions of, .... 

Bow and invert, or Double bow, ... 
Bowstring bridge on the Caledonian railway, description, 
Bowstring girder, at Saltash, ... 

bow subject to transverse strain from cross-bracing, 

inverted, 

calculation of strains, - 

requires little counterbradng, • 

requires little bracing, 

suited for large spans, 

quantity of material in, 

Boyne viaduct, description and details, - 
Brace, definition, .... 


. 450 

887, 561 

130, 863, 365, 875, 897, 408 

- 130 

- 469 

- 549 

- 550 

- 188 
. 12 

- 861 
200, 202 


868, 364 

- 415 


- 482 

- 854 

• 471 

- 472 
463, 464 

• 215 

- 555 

- 215 

• 448 
215, 359 

211 to 216, 414 
212, 454 
214, 454 

- 212 
271, 272, 428 

- 542 to 550 

- 136 


J 


INDEX. 
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▲BT. 

Brace, coanterbraced, - • - - - - - 139 

Braced arch, - - - • - - - 49, 208 to 228 

crane, ----.-. - 200, 202 

pillars. (See^'PUlars.") 

semi-arch, "-.....- 203 

triangle. (See ** Triangular girder,") 

web. (See **Weh, braced,'*) 

Bracing. {See "Web,") 

allowance for stiffsning, ------ 498 

ambiguity respecting strains. {See " Web") 

~~ ' connexion with flanges, ------- 441 

deck, .-.------ 640 

counter. {See " Counierbracing,") 

cross. {See " Cfroes-iyraeing") 

economical angle for, ------ 278 to 277 

generally more economical than plating in web, • - 482, 488 

internal, .-....- 155, 887 

isosceles, - - - 135 to 189, 260 to 270, 273, 276, 277 

Uttice. {Su ''Lattice,") 

— object o^ -------- 131 

multiple and single compared, - • - - 165, 156, 488 

produces transverse strains in end pillars. {See ''End piUa/re.**) 

strains in bracing may be deduced from the shearing^strain, • • 149 

theoretically independent of depth, - - - - 18, 278, 461 

vertical and diagonal • - 190 to 198, 262, 274, 275, 480, 446, 458 

weather. {See "Wind,") 

Brass, coefficient of elasticity, 

coefficient of linear expansion, 

crushing strength, - 

tensile strength, 

weight and specific gravity, 

wire, tensile strength. 


m m 


415 

m m 

823 

860, 

361 

- 

561 

860, 

361 

m m 

206 

• m 

180 

• • 

415 

330, 

561 

830, 

561 

380, 
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Brest, swing bridge at, 

Brewster, experiment on glass girder. 

Brick, coefficient of linear expandon, 

crushing strength, 

weight and specific gravity, 

working strain, 

Bridges. (-See " Ckut-irim,** "Lattice," "Public," "Railway," "Sted," "Sutpen- 

eion," "Swing," "Timber," "Tvhular," " WnmgKUnm,") 

examples. {See "Examples" and "Working strain,") 

Brittleness, • ■ • ■ - - - - 5, 410 

Bronze. {Sec ' ' Oun metal. ") 

Brotherton plate tubular bridge, description, • 559 
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Brown, Lenox, and Co. on strength of chainB, 
Brunei, engineer of Chepstow Tmss Bridge, 
Baehanan's experimcDta on the strength of materials. 
Buckling, definition, .... 
Bulging, definition, .... 

Bulkheads of ships, .... 

Cables. {Set "(TftaMM," ''Cwrdage:') 
Calculation by diagram. {Set " Dioffram") 

moments. {See " Moments,") 

Caledonian Railway, description of bowstring bridge, 
Camber, practical method of producing, 

ornamental rather than useful. 

Cast-iron, annealing, effect on strength, 

arches, 

-^ coefficient of elasticity, 

do. linear expansion, 

do. rupture, • 

cold and hot blast, relative strength, - 

compound girders of cast and wrought*iron, 

oorrosiony . . - . 

crushing strength, - - . 

deflection, ... - 

effect of changes of temperature, 

effect of indirect strain on isnsile strength, 

elasticity and set, - - " 

elastic flexibility twice that of wrought-iron, 

girders. {See " Oirden.") 

not suited for tension, - 

pillars. {See '* PUlart,") 

prolonged fusion, effect on tensile strength, 

remelting, effect on tensile strength, 

set. {See " ElcuHcUy,'* above.) 

— specifio gfravity, . - - 

Stirling's toughened. 


▲BT. 

879, S86 
194, 552 

880, 866 
- 280 

• 280 

• 540 


- 655 

- 460 
457, 548 

309,811,846 

222, 477 

8, 400 to 406, 411 

809, 311, 415 

- 64 

- 848 

- 587 

- 432 
808 to 812, 885 

286, 406, 411, 476 
418, 420 
847, 484 

8, 286, 400 to 406 

- 411 

- 848 

- 845 
• 844 

842, 844 to 846, 561 
808, 842 
- 842 to 849 


tendle strength, ... 

transverse strength not affected by considerable changes of temperature, 420 

working strain. {See " Working etrain.**) 

Castings, thin and thick, relative crushing strength, - - - 809 to 812 

do. tensile strength, . - . - • 345 

do. transverse strength, - - 64, 812, 406, 477 

Cast-steel. {See *' Steel,") 

Caulking rivet joints, .... 
Cellular flanges, ... - - 


i 


. 471 
821, 418, 428, 455, 468, 499, 541 


INDEX. 
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ABT. 

5Q 

' 459 

878,881, 883,385, 386,387 

• 384 

378, 882 

379 to 386, 480, 484 

378 to 880, 888, 885 to 887 


Gement. {See ^* Keene, Medina^ Parian^ Portland^ iSoman.**) 
Centres of stram, ... 

C^trifogal force, effect on deflection, 
Ohftin, doBO-link or crane, 

insufficiency of ordinary proof, 

long link or baoy chain, 

proof strain, 

stnd-link or cable, 

suspension. (^ "SutpenHon chains.**) 

' — tensile strength, 

Trinity proof, 

weight, .... 

working-strain. (See ** Working sinUn") 

Chain-riveting, .... 
Charing-cross Lattice Bridge, description, 
Chepstow Truss Bridge, description, 
Clark's description of Conway Bridge, 

experiments on crushing strength of stone and brick, 

on effect of wind on the Britannia Bridge, 

on effect of change of temperature. 

Clay, working-load, .... - 

Clenches and forelocks, strength, 

Coefficients of elasticity, E, - - - - 

linear expansion, - - - . 

rupture, S, - 

Cold and hot-blast iron, relative slrength, 

Collar-beam, ------ 

Columns, stone, ...... 

GommUiioiietB app<»nted to inquire into I ^dnrionB respecting safe working 
the application of iron to raUway j gtrain for cast-iron girdera, 458, 476.477 

{experiments and conclusions respect- 
ing deflectioo, - 458, 476, 478 
I experiments and conclusions re- 
specting long continued impact 
and frequent deflection with and 
without vibration, 476, 478 
Compound girders of cast and wrought-iron, - • - - 537 

of timber and wrought-iron, - - - 194,223,541 

Compressive strain, subdivisions, ..--.- 280 

' symbol of, ------ - 141 

Compression and pUlars, • - 155, 279 to 340, 474 to 490, 498, 549 

gross area available for compression, - - - 481 

Concrete, crushing strength, .-.-.-- 490 


structures, 
Do. 

Do. 


879, 886, 887, 480 

- 882 
880, 881, 387 

- 471 
483, 556 
194, 552 

412, 488, 557 
880, 881 
448, 446 
418, 419 

- 489 

- 472 
8, 400 to 409, 561 

- 416 
59 to 64, 130, 561 

- 848 
12, 134 

384, 490 


do. 


do. 


I 


498 INDEX. 

ART. 

Concrete, Grant's conoliuions respecting, . . . - . 872 

working load. {See " Working strain,") 

ConnexionB. {See " Joinu;') 468 to 478 

GontinaouB girders, • - - - 247 to 259, 428, 602 

advantages, . . - . 258, 502, 681 

ambiguity respecting strains in webs, - • - 256 

crossing unequal spans, waste of material, - - - 428 

examples, ------ 542, 668 

fixed at both ends and loaded uniformly, - - • 269 

{not desirable for small spans with passing loads, or where 
foundations are insecure, .... 258 

of two equal spans, each loaded uniformly, - - 251, 252 

of three symmetrical spans, loaded symmetrically, - 268, 264 

Continuous or plate webs. {See ** Web,") 

Contraction of area under tensile strain, ..... 862 

Contrary flexure. {See " InJUxion.") 


Conway Plate Tubular Bridge^ description. 
Copper, coefficient of linear expansion, - 

crushing strength, 

shearing strength, 

tensile strength, 

weight and specific gravity. 


488, 667 

- 416 

- 828 

- 896 
860, 861 

- 661 
. 472 


Copper-bolts, adhesion o^ .... 

Cordage, tensile strength, - • - 876 to 877, 881, 887 to 889 

weight, 876, 876, 881, 887 to 889 

working strain, - - - ' - - 877, 887 to 889 


Corrosion of metals, relative, ....... 482 

Cotters, ......... 4^8 

Counterbraced brace, definition, -.-.... 189 

girder, definition, - - - - - - -140 

Counterbradng, - - - 178, 179, 198, 194, 451 to 464, 628 

— of bowstring girders. - - - . . 212, 464 


— of cross-bracing, .----.. 449 

large girders require less counterbradng than small, 179, 452, 464, 628 

permanent load diminishes, - - - 179, 452, 454, 528 

Covers, allowance for covers in estimating girder-work, .... 499 

single and double covers compared, . . , . . 457 

strength and proportions, .... 4^0 to 471, 606 

Crane, bent, - - - - - - - - 200, 202 

derrick, ---.---.. 182 

lattice, -.---...- 202 

travelling, or gantry, ....... 194 

tobular, -....-... 2OO 

whar^ - • - - - - - - 188, 200 
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Cnne, working-strainB, ...... $21, 477, 479 

CroM-bracing, ..---. 339, 427, 442 to 448 

best form of, ------ - 446 

initial strain advantageous, . . . _ _ 445 

most be counterbraoed, ------ 446 

practical method of prodnciDg initial strain, - - - 446 

produces strains in flanges, ----- 445 

produces transyerse strains in bow of bowstring girders, - - 448 

1 produces transyerse strains in end pillars, - - - 447 

ships, .----.-- 540 

179, 426, 427, 449, 450, 498 

- 449 
- 449, 492, 493, 495 

- 450 

- 859 

- 558 


Gross girders, - - . . 

economical distance between, 

maximum load on, - 

weight of , - 

Crucible cast-steel, 

Crmnlin Viaduct^ description, 

Crashing strain and crushing strength of materials, 279 to 840, 475, 490 

sobdiyisionB of, - - - • - - - 280 

8 

- 49 


Cubic elasticity, - - . . 

Curye of equilibrium, 

CrushiDg unit-strain should be determined from experiments on short pillars, 281, 290 


Defectiye designs, waste of material in, - • 198, 428, 466, 518, 532, 541 

Definitions, - • • - - 1 to 18, 55, 58, 59, 186 to 141 

Deflection, an incorrect measure of strength, - - - . . 456 

calculations, - - - - 224 to 246, 251, 258, 459 

diminished by stretching. (See ** Stretching.*') 

effect of centrifugal force, - - - - - - 469 

experiments on deflection of girder bridges, 458, 548, 550, 551, 557, 558 

do. on frequent deflection, ... 475^ 473 

increased by road being out of order, - - . . 453 

method of measuring deflection of girders, - - 460, 494 

of small bridges increased by loads being in rapid motion, - 458, 550 

of continuous girders, - - - - 251,258,548 

of girders of uniform section, - - . - 226 to 246 

do. of uniform strength, circular, - 224, 225 

of lattice and plate girders nearly alike, - - • 224, 485 

offensive to the eye, .--..- 457 

{See "Girder;' " Semi girder," and " Camber:') 

Density. ' {See " Specific gravky," "Weight,") 

Depth, economical depth of web, - - • - '18, 278, 461, 462 

of girders generally varies from one-eighth to one-sixteenth of span, - 461 

weights of girders do not vary inversely as their depths, • 510, 519, 527 

Derrick Crane, -..---.-- 182 
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Bengn, simplicity desirable, ..... 

defective. {See ** Defective J>eiign9.") 

DetnisioD, ..-.-.- 

Diagonals. (See " Bracing," *» Web,") 

strains in end diagonals^ .... 

do. in intersecting do^ . - , . 

T^. , 1 *i v i»* 21, 28, 26, 27, 87, 88, 41, 46, 48, 60, 62, 182, 188, 164, 

Diagram, calculation by, -J ^33^ ^99 ^ 228. ''''''"' 

Discrepancy between experiments and tiieory respecting tninsyerse struns, • 130 
Drewry on Suspension Bridges, ..---- 488, 495 

Drilling tools, ........ 425, 471 

Drilling preferable to punching, ..... 426, 471, 480, 485 


▲BT. 

488, 541 
. 391 

. 171 
151, 172, 174 


E, coefficient of elasticity, .... 

Earth, working pressure on, - - - - 

Economy, angle of, . - 

Economical distribution of material, ... 
relative economy of different kinds of bracing, 


8, 400, 402, 


Elastic flexibility and stiffness, ... 
Elasticity and set, .... 

cubic, .... - 

coefficients, . - - - 

experiments on elasticity liable to error, 

law of elasticity (Hooke's law), 

do. apparently not true of some materials, 

limit of elasticity, - • - • 5, 7, 

linear, .-.---- 

modulus, .----. 

sluggish or viscid, - . - . 8^ 405, 

tensile and compressive elasticity sometimes different, 


8 

• 489 

278, 274, 277 

- 19 

- 277 
4,410,411 

3 to 8, 850, 399 to 413, 457 


Ellipse, moment of rupture, 

Elliptic semi-girders, ... 

Empirical percentages in estimating girder-work, 

open to improvement, 

End pillars subject to transverse strain, - 
Engines, weight of , • - - 

standard, 

examples of, • 

Equality of moments, mechanical law, 

Equilibrium, curve of, • 

Estimation of girder- work, 

Examples of girder bridges, 

Examples of working strain on foundations, 


404, 409, 561 

8, 412 

7, 899, 418 

- 413 
899, 410, 484 

8 

8 

412, 475, 588 

8,404 

74,75 

92, 93 

497 to 586 

- 532 
185, 198, 447 
491, 492, 494 

450,* 492, 494 

- 491 

- 11 

- 49 
- 497 to 536 

859, 488, 486, 542 to 560 

• 489 


on masonry, concrete, brick, and stone, 


490 
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Examples of workiiig strain on iron, 

on steel, 

on suspension bridges, 

on timber, 

Expansion from heat» coefficients of linear, 

efiiBct on girders, arches, and suspension bridges, 

practical applications of, 

Extension, ...... 


▲BT. 

- 488 

- 859 

- 488 
486, 488 

- 415 
414, 418, 419 

418, 446 
. 841 to 890 


F, symbol which represents the total strain, 

/, symbol which represents the unit-strain of tension or compression, 
/", symbol which represents the unit-strain of compression, 
Factor of safety, ...... 

Fairbairn's description of a long cast-iron girder in one piece, 

experiments on long-continued steain on cast-iron, • 

experiments on repeated deflections of a wrought-iron girder, 

experiments on the strength of cast and wrought-iron at various 


2 
2 

2 

587 
475 

478 


temperatures, 

experiments on strength of remelted iron, 

experiments on riveted joints, 

experiments on strength of glass, 

experiments on the strength of steel, - 

experiments on crushing strength of stone, 

table of proportion of rivets, 

tubular crane, - 

Fatigue of materials, .... 
greater in long than in short bridges. 


420, 421 

- 844 

- 467 
883, 878, 874 

- 561 

- 830 

- 471 
. 200 

865, 412, 474 to 478, 486, 588 

. 588 
. 215 


18, 14, 15, 17, 889, 422 to 429 

- 499 


Fish-bellied girders, or inverted bowstring, 
Fhmged girders. {See " Oirders," " Semi-girden:*) 
Flanges, ------ 

allowanoe for covers, 

areas of horizontal flanges should be in the inverse ratio of their ultimate 

unit-strains, - - • - • - 17, 422 

calculation by diagram, 9, 21, 26, 87, 41, 42, 48, 164, 188, 199 to 228 

do. by moments. {See ** Moments") 

oellolar, 821, 418, 428, 455, 468, 499, 541 

connexion with web, ....... 441 

continuous web aids flanges. {See "fFeft.") 

^„r^^ ^, ^MJnn* i^^' 26, 26, 29, 87, 40 to 42, 48, 49, 181 to 184, 199 to 

curved or obhque, | 228,271,272,428,448,464. 

excess of strength in one flange, effect on strength of girder, - 17, 429 

general law of strains in horixontal flanges of braced girders, -164 

increments of strain in flanges. (See " IncremenU") 

maximum strains in flanges, - 81 to 38, 36, 58, 161, 177, 214, 255 


502 INDEX. 

ABT. 

Flanges, oblique. {See " Owrved or oblique," above,) 

of greateat strength, - - • - 17, 19, 224, 428, 429, 465 

of nuifonn strength. (See loMt.) 

of wronght-iron girders generally of nearly equal area, - 481, 534 

pUed, 423, 424, 468, 499 

quantity of material. {See ** Quantity of material.**) 

resultant strains. {See ** JlesuUomt.**) 

stiffened by web, .-►-.. 889, 427 

strains prodaced by cross-bradng, ... - - 445 

trough and m sections, - . . - . 423, 441 

uniform strains in flanges, - - • 17, 19, 224, 428, 441, 455 

waste of material in flanges of uniform section, • 19, 428 

Flat arch, - 219 

Flat wire and hemp rope. {See ** Wire rope.*') 

FlexibiUty, 4 

Flexure, deflnition, ........ 280 

Foot-strain, definition, ........ 2 

Forelocks, strength o^ -•--•--- 472 
Forgings, tenmle strength of, - - • - - 350, 352, 355 

Foandationjs, working pressure on. {See '* Working ttrain,") 

Fox, Sir Charles, conclusions respecting proportions of pins of suspension chains, 464 
Fracture, angle of, ........ 288 

Fractured area, ........ 350, 352 

Franklin Institute, experiments on the strength of boiler plates, • - 421 

French €k>Yemment rules respecting working strain, ... 479^ 482 

proof loads and working loads of bridges, 494, 495 

proof strain for chains, ... 883 

Friction due to riveting, -...-.. 470, 481 
Fusion prolonged, effsct on strength of cast-iron, .... 345 

Gages for wire and sheet metals, ....... 561 

Gantry or travelling crane, ....... 194 

G«uthey on strength of timber at right angles to fibre, .... 328 

Gibs and cotters, strength, ....... 493 

Girder, arched, - - - - - - 208 to 223, 428 

balanced on a pier, ....... 157 

braced. {See " Flanged" below,) 

bridges, examples. {See ** Examples,") 

bowstring. (See " Boufstring.") 

cast iron, - 13, 312, 411, 414, 422, 436, 458, 462, 476, 477, 587 

compound cast and wrought-iron, ..... 537 

compound timber and iron, .... 194^ 223, 541 

continuous. (See " Continuous girders.") 

counterbraoed. (See * Counterbracing,") 
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- 215 

13, 76 

. 19 

92, 93 

185, 198, 447 

• 497 to 536 

. 215 

• 259 

13 to 15, 76, 99 


ABT. 

Girder, Gross. {See " Oro89 girder.**) 

carved. {See " Oblique or cwrved" bdow.) 

definitioD; * • • • • ■ • -12 

deflection. {See '* DefUetiony* and hdow.) 

depth. {See ''Depth:*) 

double bow, 

double- webbed, or tabiUar, 

eoonomio distribution of material, 

elliptic, - - - - 

end pillars, 

estimation o^ - - 

fisb-bellied, - - - 

fixed at both ends and loaded imifonnly, 

flanged. {See below.) 

hoUow round, 59 to 64, 89 to 91,98, 108, 107, 112, 116, 121, 126, 280, 238, 245 

hollow and solid round girders compared, • - - 90, 91 

lattice. {See "Lattice" and below.) 

lenticular, 

limit of length, 

oblique or curve<l. {See below,) 

of uniform strength, 

plate. {See ''Plate girdert.'*) 

proving, 

quantity of material. {See below). 

rail, or intercostal girder, or keelson, 

railway. {Su " Railway bridges.") 

rectangular solid, 59 to 64, 82 to 86, 88, 100, 101, 114, 118, 119, 122, 124, 

128, 129, 130, 228, 236, 243. {See bel<no.) 

rectangular girder of maximum strength cut out of a cylinder, - 86 

rectangular hollow. {See " Tubular,") 

road. {See " Grose-girder") 

round, 59 to 64, 87 to 91, 98, 102, 103, 106, 107, 111, 112, 115, 116, 120, 121, 

125, 126, 229, 230, 387, 238, 244, 245. {See behw.) 

do., centre nearly useless, - - - - - - 90 

semi-girder. (See "Semi-girder.") 

similar girders, limit of size. {See " LimU of length" above.) 

single webbed, - - • - - • 18, 76 

single weighty equivalent to twice the weight uniformly distributed, 45, 440 

square, - ... - 64, 84, 85, 88, 96 to 98, 232 

square and round compared, - - - - - 88, 98 

steel, ...--.. 359, 485, 506, 538 

stretching. {See " Stretching maierials" dec^ 

symmetrically loaded, - - - 35, 170, 208 to 210 

temperature, efifocts on girders, .... 414, 415, 418, 419 


- 216 
. 65, 537, 538 

- 17, 19, 224, 428, 437, 455 

410, 440, 450* 460, 479, 491, 492, 494 

450 
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Girder, timber, 194, 223, 486, 541 

triangular, ...-.- 134, 2O6, 221, 223 

trongh, .....-.-- 450 

tnuaed. (See "TViwwd.") 

tubular. (See " TubuXwr.") 

Warren's. {See " WarretCe:') 

weight of railway girders under 200 feet in length, • - 534, 585 

weight and depth, no definite ratio between, - • 510, 519, 527. 

weight and length, no definite ratio between, .... 536 

with parallel flanges and isosceles bracing, - - > 135 to 189 

do. do. and vertical and diagonal bracing, • 190 to 198 

working loads on. {Set " Working ttram** and " Working load") 

wrought-iron, .-.-... 473 to 484 

Girder loaded at an iotermediate point, bowstring {See *'Bow$tring.**) 

deflection, - - - 285 to 240 

- , (80 to 87, 117, 158 to 162, 192 to 194, 

flanged, | 2O8 to 228, 289, 266, 267. 

lattice, . - - - - 162 

oblique, or curved, 87, 119 to 121, 208 to 228 

of uniform strength, ' - 86, 87, 118 to 121 

quantity of material, - - 266, 267 

reotanguUr, soUd, 61, 64, 114, 118, 119, 236 

jsingle weight nearly equivalent to twice 

( the weight uniformly distributed, 45, 440 

round, - 61, 64, 115, 116, 120, 121, 238 

Girder loaded at the centre. {See last,) 

deflection. - - . • 235 to 240 

flanged, ... 33, 34^ 117^ 289, 422 

rectangular, solid, - . . - 62, 64, 286 

'- round, - - - - 62, 64, 287, 288 

Girder loaded symmetrically, - . - . .35^ 170^ 2O8 to 210 

Girder loaded uniformly, deflection, - - . 224,225 241 to 246 

flanged i^^ ^ ^^' ^^7, 163 to 172, 182, 188, 185 to 187, 195, 

"»ng««, -^ 208 to 225, 246, 268 to 272. 

lattice, .... 182, 183, 185 to 187 


oblique or curved, 
of uniform streogth. 


48, 49, 129, 184^ 208 to 223, 428 
47, 48, 128, 129, 224, 428, 455 

- 268 to 272 
- 68, 64, 124, 128, 129, 243 
• 63, 64, 125, 126, 244, 245 
and traversed by a train of uniform density. {See 
"Oirder tfxivereed by a train of uniform deneity," 
hdow,) 
Girder loaded unB3rmmetricany, - . . . - 85 169 493 


— quantity of material, 

— rectangular, solid, 

— round, - 
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. , J ^ , (82, 88 to 42, 122, 161, 162, 193, 
Qirder trayened by a single moving load, flanged, -< 211, 212, 217. 

1 — ^ lattice, -' '- - - 162 

— — oblique or curved, 40 to 42, 122,211, 212, 217 

of uniform Btrength, - • 89, 40, 122 

- — ■ rectangular, Bolid, . * - - 122 

/^._j i-^ J u X . * * J 'j_ n J (50 to 68, 178 to 181, 184 to 
Qirder traversed by a train of uniform density, flanged, -j ^gg -^qq to 198 212 217 

lattice, - 184 to 189, 197 to 198 


oblique or curved, 


Girder-work, estimation of, 

designing. {See " Design") 

Glass, coefficient of linear expansion, .... 

crushing strength, ..... 

girder, Brewster's experiments, - . . . 

tensile strength, ------ 

tensile strength of thin plates greater than that of stout rods, 

weight and specific gravity, .... 

Gold, coefficient of linear expansion, .... 

weight and specific gravity, . • 

Government inspection of nulway bridges. {See *' Board of Trade,**) 
Grant's experiments on cement, - 
conclusions respecting cement, 


212, 217 
497 to 586 

• 415 
883, 874 

- 130 
873, 874 

- 874 
883, 561 

• 415 

- 561 


Gravel, working pressure on, - - - . . 

Gun metal or bronze, annealing, effect on strength, 

coefficient of elasticity, 

— high temperature at casting injurious to strength, 

tensile strength, - . - . 


H -shaped pillars, strength of, • 

Haupt^ on the working load of timber, 

Hawkshaw, experiments on deflection of girder bridges, 

on a long cast-iron girder in one piece, 

practice regarding working load of people. 

Heat. (iS^ ** Temperature") 

Hodgkinson, experiments on crushing strength, - 

do. elasticity and set, - 

do. riveting, 

do. temdle strength, 

do. transverse strength, 

on laws of pillars, ... 

on shifting of neutral axis, - 

Homogeneous metals, tensile strength, 
Hooke's law of elasticity, 


appnrently does not apply to some materials, 


382, 369 to 872, 490 

• 872 

• 489 

- 862 
8 

- 862 
860 to 862 


814 
486 
458 
587 
495 


287 to 290, 808 to 826 
5, 8, 899 to 409 

- 465 
- 842, 348, 847, 866 

64, 812, 406 

- 286 to 326 

- 180 
858, 859 

- 7, 899, 418 

- 418 


506 


INDEX. 


Horizontal strains negligable in openwork or thin continaoaB webs, 
HorizontaL-bracing. {See " Cfroet-bracing.*^ 
Hot and cold-blast cast-utm, rdstiye strength, 


ABT. 
15, 76, 422, 434 

- 843 


Impact^ effect of long continued impact on cast-iron bars. 
Inch-strain, definition, . . . . . 

Increments of strain in flanges. 
Indirect strain in cast-iron, weakening effect of, 
Inertia, moment o^ - - * - 

Inflexion, points of, • - - - 

economical position of, 

experimental method of finding, 

— practical method of fixing, - 

Initial strains in bracing, method of producing, • 
Internal bracing, ..... 
Intersecting diagonals, strains in. {See "DiagonaU,") 
Inverted bowstring, .... 

semi-arch, . . . - 

Iron. {See *'Oaat'%ron," " Wr ought-iron.") 

Iron and timber combined form a cheap girder, • 

Isosceles bracing. {See " Bracing,") 


' 476 

2 

148, 152 to 154, 159, 16^ 167 

800, 847, 484 
67, 226, 251 to 253 

- 247 
■ 260 

- 249 
250, 548 
446, 453 

821, 837 to 840, 549 

215, 859 

- 207 

194, 228, 541 


James, Sir Heniy, experiments on transyerse strength and deflection of 

wrought-iron bars. 
Joints, 

bolted, 

cast-zinc, - 

caulking, - 

clenches and forelocks, 

compression, 

double and single covered, 

economical arrangement, 

jump, 

lap, -.,-.-. 465^ 

in piles of plates, • 

nails and bolts, 

pins. {See " Pins:') 

riveted. {See " Rivets") 

screws. {See ** Screws") 

tension, .... - 

treeouls, . • - - 

ultimate strength not increased by friction, 


cast and 

812, 478 

463 to 478 

468, 464 

- 468 

- 471 
• 472 

465, 468 
465 to 471 

- 469 
465, 468 

467, 469, 471 

424, 468, 469 

472, 478 


Joule's experiments on expansion from heat, 


468 to 478 

- 898 
470, 481 
415, 416 
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Keelsons, or rail girders, .... 

Keene*B cement, tensile strength, 

Kirkaldy's conclnsions regarding strengrth of iron and steel, 

experiments on tensile strength of iron and steel, 

do. on shearing strength of steel. 


Laminated arches, .... 

Lancashire gage for steel wire, 

Laplace and Lavoisier, experiments on linear expansion, 

Lattice bridges, descriptions of, - 

Lattice crane, ..... 

Lattice girders, ambiguity respecting strains, 

curved or oblique, 

deflection, - . . - 

effects of change of temperature, • 

effect of concentrated load, 

end pillars subject to transverse strain, 

estimation of quantities, - 

hypothesis respecting strains, 

• loaded uniformly, - . - 

pillars. {See '* PiUan.") 

practical advantages of, 

timber, .... 

traversed by a passing train, 

traversed by a single load, • 

weight of, - 

Lattice semi-arch, ..... 
Lattice semi-girder, .... 

Law, Hooke's. {See « ffooke,") 

mechanical laws, - - . - 

of elasticity, .... 

of strain in horizontal flanges of braced girders, 

of strains in intersecting diagonals, 

Lead, coefficient of elasticity, 

coefficient of linear expansion, 

crushing strength, .... 

elasticity, . - - - . 

tensile strength, ... - 

weight and specific gravity. 

Length and weight of girders, no definite ratio between, 

limits of, - 

Lever, law of the, .... 

Lime. {See " Concrete^* '* Mortar.") 
Limestone. {See " Stone") 


ABT. 

• 450 

- 371 
852, 853 

- 850 to 853 

852,395 

- 541 

- 561 
. 415 

542 to 550, 554, 556 

- 202 
186, 198 
202, 206 

224, 225, 485 
418, 419 
450, 493 

185, 198, 447 

- 497 to 586 

• 539 
182, 188 

155, 156, 488 

• 541 
184 to 189, 197, 198 

- 162 

- 501 to 536 

- 206 
155, 156, 202, 206 

• 9 to 11, 539 

7, 899, 413 

. 154 

151, 172, 174 

8 

- 415 

• 328 

- 899 

• 360 

- 561 

- 586 
65, 537, 538 

10, 217 
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Limit of elasticity, 
len^ of girders, 


ART. 

5, 7, 809, 410, 484 
65, 537, 538 
8 
. 415 
^ 471 
176, 214 
458, 550 


Linear elastioity, • 
Linear expansion, ooefficienta, 
Lloyd's rules for riveting slups, - 
Load, absolute maximum, 

in rapid motion, 

moving load. (5^ " Oounterhracingr " Oirder,** " Semi-girder:') 

permanent {See " Permanent load") 

prt)of. See (" Proof load:*) 

working. (See Working load, and vorhing strain.") 

Locomotive. {See ** Engine,") 

Longitudinal strength of materials derived from transverse strength often 

erroneous, -.-...., isO 


M, moment of rupture, - . . . 

Machinery. {See ** Working strain") 

Mallet's experiments on the relative corrosion of metals, 

do. on the strength of materials, 

Masonry, working strain, 

Maximum strains in flanges. {See ^* Flanges") 

in web. (See "FTeft.") 


58, 67 to 80, 226 

- 432 

8, 830, 361, 418 

830, 490 


Mechanical laws, 

Medina cement, tensile strength, ..... 

Metropolitan main drainage works, experiments on cement. {See "(jfrant") 
Modulus of elasticity. (See ** Confident of elasticity,") 

of rupture. See " Oo^icient of rupture,") 

Moment of inertia. (See " Inertia,") 

Moment of rupture, M, • 

Moments, equality of, 

strains calculated by moments, - 16 to 


9 to 11, 589 
- 871 


Mozin, General, on safe working strain, 
Mosse on timber bridges, 
Mortar, adhesion of, 

crushing strength, 

tensile strength, - 

weight and specific gravity, 

working load, 

Moving load. (See « Load,") 

Munts' patent sheathing, tensile strength, 

Musohenbroek*s experiments on strength of materials, 

Nails, bolts, and screws, adhesion of^ 
Navier, definition of ooefficient of elasticity, 


58, 67 to 80, 226 
. 11 

184, 168, 187, 201, 218, 422 
818, 474, 482, 486, 490 
486, 487 

- 868 
832, 490 

367, 869, 870 to 872 

- 561 
880, 490 

- 861 
• 868 

472, 473 
8 
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360, 878 

- 335 
318, 385, 486 

- 56 
66, 180 

- 66 

- 180 

- 56 
55, 88, 589 

888 to 890 

- 551 


415 
371 
495 
495 


Navier, experiments on the strength of materials, 

rales respecting the crashing strength of pillars, 

on safe working strain, - - - . 

Neutral axis, definition, • . . . . 

passes through centre of gravity of section, 

practical method of finding, 

shifting of, - - . - 

Neutral line, definition, ..... 

Neutral surface, ...... 

Newall and Go. on strength of hemp and wire rope, 
Newark Dyke Bridge, description, 

ObUque or curved flanges. ^8ee '* Flatiges," " Oirden," " Smi-girden.") 

Palladium, coefficient of linear expansion, .... 

Parian cement, tensile strength, ...... 

People, crowd of, the greatest load on a public bridge, - 

weight of, ------- 

Permanent load, f U?^^^ M. m.'' '''' '''' '''' '""' "'' '''' ""' '''' 

diminishes counterbracing, . . 179^ 452, 454, 528 

Piles of pUtes generally preferable to cells, - 419, 428, 424, 455, 468, 499, 541 

Piles, timber, - . . . , , - 829 488 

Pillars, braced, 165, 821, 887 to 340, 481,' 549 

cast-iron, 286 to 815, 385, 475 

cross shaped, +, ■•---... 314 

discs add little to strength of flat-ended pillars, - . - 298 295 

e&cts of longKJontinued strain on strength of pillars, - - - ' 476 

end pillars of fibers, 185,198,447 

ends flat or firmly fixed, .... 291 to 295, 302, 306, 807 

ends rounded or irregularly fixed, •- 291 to 293, 297, 300, 304, 806 

aJftiged diameter in the middle or at one end, - - - 297 298 

H-shaped, ' gj^ 

Hodgkinson's Uws, 286 to 826 

hollow pilUrs, - 288, 297, 298, 302, 807, 809, 810, 316 to 321, 840 

internal bracing. (See **Bra€ed" above,) 

lattice. (See ''Braced," above,) 

long flexible pillars which faU by flexure, -f ^^^' ^^^ ^ ^86, 291 to 805, 824, 

1 327, 885, 

medium, or short flexible, pUlars which faU partly by flexure, partly by 
~ " - - . 286, 806, 807, 827, 885 

- 835 

296 

283, 299, 302, 807, 815, 819 to 821, 824, 825 
- 288, 297, 298, 302, 807, 815, 821 

2 M 


crashing, 
Navier's rales, 
position of fracture, 
rectangular, 
round, 
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Pillan, seotioiifi ordinarily adopted, ...... 281 

short pillars which fidl by Groshing, • • 281, 286 to 290, 327, 335 

similar long pillars, strength of, - • - - - 284, 801 

square. {See ** Reetangular," (ibove.) 

steel, ....... 294, 806, 485, 506 

stone, ........ 884, 490 

stnuD passing outside axis of pillar reduces its strength greatly, - ■ 300 

strength of yery long thin pillars depends on their coefficient of elasticity, 288 

theory of very long thin piUars, .... - 282 to 285 

three classes of pillars, ....... 286 

timber, - - - 287 to 807, 824 to 829, 885, 486 to 488 

triangular, .--..... 315 

tubular, ...... 816 to 821, 840, 428 

weights of Tery long pillars of equal strength are as squares of length, - 284 

weight which will deflect a very long pillar is Tery near the breaking 

weight, ........ 285 

working load. (See " Working stmin and working load") 

wrought-iron, - 155, 286 to 807, 316 to 821, 835, 337 to 340, 481, 549 

Pins, not so good as rivets in girder-work subject to vibration, • - 441 

463, 464 

. 868 

- 367 

- 561 
' 354 

470, 481 
432, 439, 466 

- 818 
354, 359, 484, 485 

421 

- 482 
") 99,190,430,431,434,436 

224, 435 
. 419 

426, 450, 450* 

- 416 
♦ 561 


proportions of, 

Pitch of rivets. {See '* Riveter) 

Plaster of Paris, adhesion to brick and stone, 

— — tensile strength, - 


- weight of cast plaster. 


Plates, boiler, ..... 

friction of riveted plates, 

ordinary sizes of , • 

piled. {See " Pilet of platee.") 

resistance to flexure, 

ship, ..... 

strength. {See '* Wrought-iron") 

temperature, effect on strength, - 

Plate girders, ambiguity respecting strains, 
calcuhition of strains. {See *'Girder,*' " Web 

deflection same as that of lattice girders, 

effects of temperature, 

examples. {See ** Appendix") 

Platform of bridges, .... 

Platina, coefficient of linear expansion, 

weight and specific gravity. 

Points of inflexion or contrary flexure. {See *' If^exion") 
Portland cement, crushing strength, 

tensile strength, 

_ (5^^ .« Concrete,'' ** .Vortar.") 


332, 490 
369, 872 
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Portamouth experiments on repeated deflections of wrought-iron bars, - • 478 

^ . , , , ... (347, 879 to 886, 410, 440, 460,* 460, 483, 484, 494. 

Proof load and proof strain, -j ^^g ^^g » * » » » i > 

Proof strain shoold not exceed the limit of elasticity, 410, 484 
Proving girders. {See " Proqf load, ") 

ProTiog materials to point of rupture, - 290, 347| 850, 852, 869, 886, 410, 484 

Pub]^c bridges, crowd of people greatest working load, . • - - 495 

Punching, experiments, 892, 896, 897, 485 

injurious effectH to plates, . - - . 471, 480, 485 

tools, ...-.-. 425, 471, 480 


Quantity of material in bowstring girders, 

— in braced girders, 

in different kinds of bracing, compared, 

theoretic and empirical, 

{See "Estimation of Oirder-work.*') 


271, 272, 428 

18, 260 to 278 

- 277 

. 497 to 536 


Rail or intercostal girders, or keelsons, 

Railway bridges, estimation of, ... 

examples, . - - . 

proof load. {See " Proof had") 

roadway, ..... 

rules of Board of Trade. (-S^ " Trade,") 

rules of French Qovemment, - 

standard working loads, 

under 40 feet in length liable to concentrated loads, 

weight of bridges under 200 feet span, - 

Kamsden's experiments on expansion from heat, - 
Rankine's rule for strength of timber piles, 

on the working pressure on foundations and masonry, 


- 450 

• 497 to 586 

359, 488, 486, 542 to 560 


426, 450 


Relative economy of different kinds of bracing, 

Remelting cast-iron, effect on tensile strength, 

Rennie's experiments on the crushing strength of materials, 

Resolution of forces, - -* - 

Resultant strains in flanges, - - 148, 152 

Rh^ville on the proof load of railway bridges in France, 

Rigid, suspension bridge, -.---- 

Riveting, chain, .-....- 

Rivets, boiler-maker's practice, ..... 

Fairbaim's table of dimensions, .... 

friction due to contraction, ... - 

Hodgkinson on strength of, - - - • 

Lloyd's rules, -..-.- 


to 


479, 

494, 

495 


• 

49;2 


- 

491 


534, 

535 


* 

415 


■ 

829 


489, 

490 


• 

277 


m 

844 


228, 

830 


9, 

589 

>154, 

164, 

167 


m 

494 


- 

220 


- 

471 


* 

471 


■1 

471 


470, 

481 


- 

465 


. 

471 
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862, 891, 893 


Riyets, long^ riveta Dot objectionable, 

pitch, - - - . 

preferable to pins for girder- work, 

rules for, - 

ship-builders' practice, 

steel, 

strength of, 

working strain, 

{See *' Coven.*') 

lUvet holes, allowance for weakening effect of, 

drilled out in first-class work, 

machines for punching or drilling, - 

Roadway, proper position of, - 

weight of, - 

Robinson on elasticity and set, ... 
Rochdale canal, description of bridge over, 
Roebling, experiments on the strength of iron wire, 

do. do, wire rope, 

on the working load of public bridges, - 

Rollers and spheres, crushing strength, 

expansion under ends of girdere, - 

Roman cement, tensile strength, • 

coefficient of linear expansion, 

Rondelet's rule for strength of timber pillars, 
do. timber piles, 

experiments on the strength of materials, 

Roof A, - 

• arched, " " " " > 

Roofing materials, weight of, • 
Rope. {See " Cordage " and » Wire,") 
Rouse, table of velocity and force of wind. 
Rubble, working load, .... 
Rupture^ coeffident of, 8, ... 

moment of, M, . . - 


to 895, 


AST. 

- 424 

466,471 

. 441 

- 465 to 471 

- 471 
852, 895, 465 

468, 465 to 471^480 

- 465 


471, 480, 
425, 471, 
425, 471, 


827, 829, 885, 


869, 870, 


868, 867, 

184, 

208 to 

496, 


497 
480 
480 
426 
450 
899 
560 
857 
888 
495 
836 
414 
872 
415 
827 
829 
868 
228 
210 
561 


- 444 
880, 490 
59 to 64, 180, 561 
58, 67 to 80, 226 


S, coefficient of rupture. 

Safety, factor of , - • 

Screws, strength of, • - • 

adhesion in wood, 

Seguin's experiments on strength of .iron wire. 
Semi-arch, braced, 

inverted, 

lattice, 


59 to 64, 180, 561 

- 474 
852, 468 

- 478 

- 857 

- 203 

- 207 

- 206 


/ 
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Semi-girder. defiDition. r See Girder"), 12 

Semi-girders loaded &t the extremity, elliptic, - • 92, 98 

deflection, - - - - 227 to 282 

- J (16 to 21, 94 to 99, 147 to 149, 200 to 
flanged, -^ 202, 281, 282, 260, 262. 

, <21, 101 to 103, 132, 133 
oblique or curved, j gOO to 202. 

of uniform strength, ■ 19 to 21, 100 to 108 

quantity of material, - • 260 to 262 

— rectangular, 69, 64, 82 to 86, 100, 101, 228 

round, 59, 64, 87 to 91, 98, 102, 103, 229, 280 

square, - - 64, 84, 86, 88, 96 to 98, 282 


Semi-girders loaded uniformly, deflection, .... 233, 284 

- , V22 to 29, 108, 160 to 167, 208 to 207, 268 

flanged,-} ^ ggg' 

Uttice, .... 166,166,206 

oblique or curved, 26, 26, 29, 110 to 112, 203 to 207 

of uniform strength, - - 24, 25, 109 to 112 

quantity of material, . - - 268 to 265 

rectanguhur, - - 60, 64, 106, 109, 110 

round, - - - 60, 64, 106, 107, 111, 112 

sqiiare, - - • - - 60, 64 

Semi-girders loaded uniformly and at the extremity also, flanged, • 27 to 29 

— of uniform strength, 28, 29 

Semi-girder, triangular, - - - - - - - 21, 206 

Set, definition, ........ 6, 399 

— Hodgkinson's formulae for set of cast-iron, • - • 401, 403, 406 

— permanent or reBi(]u<il set after strain, 410, 412, 417, 467, 486, 583 

— relaxation of, -...-.. 406, 412 

ultimate set after rupture, ..... 850, 406, 484 

— vitreous materials take no set, - - -413 
Shearing, experiments, • - - - 391 to 398, 466, 467, 470 

in detail, 891 

simultaneous, .-..-... 391 

. .„ .„ „ , (H, 15, 18, 21, 23, 26 to 27, 84. 87, 38, 41, 42, 46, 48 to 62, 

straio m web, ^ ^^^^ ^gg, 196, 431, 440, 451, 452. 

strength. {See " Copper,'* "Riveti,** " Steel," " Timber," " Treenails," 

" Wrovghtiron,") 

Shifting of neutral axif^ - - - - - - - 130 

Ship-builders' rules for riveting, -..>--. 471 
Ship plates. (See " PkUes,") 

resembles a tubular gn^^'* .--.... 540 

strains in ships, ........ 540 

Silver, coefBcients of linear expansion, - - - > - 415 
Similar girders, limit of length, . - - -65, 637, 538 
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Similar girders, strength of, 

Smeftton's experiments on linear expansion, 

- - table of volocity and force of wind, 

Snow, weight of, - 
Solder, coefficient of linear expansion. 
Specific gravity, alloys, - 

bricks, - 

cast-iron, 

glass, 

stone, 

timber, - 

varioDS materials, 

wroaght-iron, - - - . 

{See " Weight:^) 

Speculum metal, tensile strength, ... 

specific gravity, 

Spelter joints, ...... 

Spheres and rollers, crashing strength, ... 
Splintering, ...... 

Steel, annealing improves strength of punched steel plates, 

Bessemer, -.-... 

coefficient of elasticity, - - - . 

coefficient of linear expansion, ... 

coefficient of rupture, - . - , 


— • corrosion of, ... 

— crucible steel, 

— crushing strength, • 

— girders, .... 

— piUars. (Su '* Pillars:') 

— puddled, ..... 

— punching reduces strength, 

— rivets, .... 

— shearing strength, - - - 
ship plates, 

— tensile strength, ... 

— ultimate set, 

— wire rope, - 1 . 
working strain. {See " Working strain") 


Stiffeners of parts is compression. 
Stiffness, elastic, - 

improved by stretching, - 

Stone, coefficient of elasticity, 

coefficient of linear expansion, 

coefficient of rapture. 


ART. 

• 65 

- 415 

- 444 

- 496 

- 415 
360, 861, 561 

S30, 561 

342, 344 to 346, 561 

383, 561 

330, 561 

64, 561 

- 561 
352, 561 

- 361 

- 361 

- 468 

• 336 
280, 381, 333 

^ 485 

358, 859, 485, 561 

8,561 

- 415 

- 561 

• 432 

- 359 
322, 485, 561 

- 359, 485, 506, 538 

- 358, 359, 485, 561 

480, 485 

352, 395, 465 

352, 395 

359, 485 

352, 358, 359, 485, 561 

358, 359 

388 to 390 

279, 387, 427, 480, 498 

4, 410 
8, 410, 412, 446, 548 

8 

- 415 

64 
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Stone, oolumna, .---•-- 334, 490 

crushing strength, 330, 831, 490 

elasticity of stone not always apparently in accordance with Hooke's law, 418 

1- moisture increases expansibility of some stone from increased temperature, 417 


specific gravity and weight, 

tensile strength, 

working load. {See " Working strain") 

Strain, centres of, ... 

classification of, - 

crushing. (See " Crushing strain") 

inch-strain, 

foot-strain, - - -• 

permanent. (See " Permanent load"*) 

shearing. {See ** Shearing") 

tensile. {See " Tensile strain") 

- transverse. {See " Transverse strain .") 

unit. (See ** Unit strain") 

Stretching materials increases their 8ti£Pness, 

Strength, uniform, 

Stringers, . - - - 

Suspension chains, proof strain, 

. proportions of eye and pin, 


830, 561 
866 

56 
1 

2 
2 


strength of - 

working strain. {See " Working strain") 


Suspension bridges, 


applicable to larger spans than girders, 

example of - 

rigid, . . . - 

temperature, effect of, 

working load. {See " Working strain") 


Swivel or swing bridge^ 
Symbols + and — , 


8, 410, 412, 446, 548 

- 19 

- 540 
480, 483, 484 

. 464 

- 480 


49, 220, 483, 495, 507 
. 507 
. 488 

- 220 
. 414 

- 203 to 207 

- 141 


Tate's experiments on strength of glass, - - - - 

Tearing strain. {See '* Tensile strain.") 

Telford's experiments on iron wire, . . - • 

Temperature, coefficients of linear expansion of various materials, 

— effect on cast-iron, - - - - - 

._ effect on girders and bridges, - - - 

— effect on plate iron, . - - - 

effect on stone, .' - - - - 

effect on suspension bridges, 

effect on timber, . i - • - 

Tenders, weight of, - - - - ■ ' 


338, 373, 374 

- 357 

- 415 
418, 420 

414, 418, 419 
421 
417 
414 
416 
491 
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▲BT. 

Tenaile Btrain, - - - • - 1, 2, 180, 141, 841 

strength of varioua materialB, ..... 341 to 390 

Tension, net area only available for tension, > 341, 483, 466, 480, 481, 497, 584 
Timber, adhesion of bolts and screws in timber, .... 472, 478 

and iron combined form a cheap girder, - • • 194, 228, 541 

bridges liable to destracUon by fire, . - - . - 437 

do. short lived, . - - . . 486, 487, 641 

coefficient of elasticity, ----- . - 8 

coefficient of linear expansion, ■ - • - -416 

coefficient of rapture, .-..-.- 64 

crashing strength at right angles to the fibre, - - - - 828 

crushing strength lengthways, - . - . 324 to 329, 835 

expansibility diminished by moisture, - - - . . 416 

- lateral adhesion of the fibres, .---.. 864 

piles, ... .... 329, 488 

pillars. (See " PiUax*,") 

shearing strength .----. 397, 393 

should be used in large scantlings, • • - - 541 

specific gravity and weight, - - - • - 64, 561 

tensile strength, ---.--- 368 to 365 

wet timber not half as strong as dry to withstand crashing, - - 326 

working strain. {See " Working HroAn,**) 

Tin, coefficient of elasticity, -.----- 8 

coefficient of linear expansion, ...... 415 

crushing strength, -.------ 828 

~ - tensile strength, ....... 860, 861 

weight and specific gravity, -...-. 861, 561 

Torksey Bridge, description, - - - - • - - 558 

Torsion, .--.-.--- 1, 899 

Toughened cast-iron, ..-.--. 308, 342 

Toughness, definition, ....-- . . 5 

valuable in iron and steel, - - - 854, 855, 859, 484, 486 

Trade, Board of Trade regulations respecting railways, • - 450,* 477, 479. 494 

Train load. (See " WorJcing-load on railways.**) 

Transverse strain, - - - 1, 14, 15, 54, 181, 406, 539 

longitudinal strength derived from, erroneous, • - 130 

Travelling crane^, or gantry, .... 

Tredgold's experiments on strength of materials, 
Treenails, strength, ..... 

1 Viangle of forces, ..... 

Triangular girder, ..... 

Triangulation, multiple and single compared. 
Trigonometrical functions of B, the angle of economy, 
Trinity proof for chains, - - - - . 


- 8, 

• 

180, 

486 

• • 

•• 

898 

m m, 

• 

9 

' 184, 206, 

221, 

228 

155, 

156, 

438 

- 

• 

276 

• • 

• 

882 
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▲BT. 
Trough girders, ---....- 450 

aeotion of flange, ------- 423, 441 

Troughton's experiments on lineftr expansion, ..... 415 

Traran on e£Pect of prolonged and repeated fusions on strength of cast-iron, - 845 

Trussed girders, 194, 587, 541, 552 

Tubular bridges and girders, definition, - - 18 

examples of. (See ''Appendix.") 

efiect of changes of temperature on, - 418, 419 

— — position of roadway, ..-...- 426 

wind, e£Pect of, ....-- 443 

Tubular pillars. {See " PUlara.") 

» 

Ultimate erongation and set {See *' Set.") 

Uniform load. {See ** Qirda'9 loaded un^fbmUy") 

Uniform strength, -...._ 

Unit-strain, crushing, ..... 

definition, .--._. 

economy fix)m high uiiit'Strains in large girders, 

Upsetting of iron under pressure, .... 

Vertical and diagonal bracing. {See ''Bracing") 

Vicat, experiments on strength of materials, 

Victor Emmanuel Railway, description of lattice bridges. 

Viscid or sluggish elasticity of metals, .... 

860 862 
Warren's girder, definition, ...... i^^^ i^q 

economy, relative, ----.. 227 

examples. {See "Appendix,") 

Waste of material {See "Stiffenen"), - - 198, 422, 428, 487, 497, 518, 582 

empirical allowance for, - - . - 497^ 528 

Weather-bracing, ........ 442 to 448 

Web. {See " Bracing:*) 

ambigoity respecting strains in, - - 14, 15, 186, 198, 210, 256, 482, 589 

braced, angle of economy, --.--- 278 to 277 

do. calculation of struns, .... 135 to 228, 256 

do. connexion with flanges, • • . . 339, 427, 441 

do. counter-bracing. {See " Counter-hraeing.' ) 

do. effect of changes of temperature, • . . . . 419 

do. effect of concentrated loads, ..... 493 

do. generally more economical than plated webs, • > 482, 488 

do. incapable of conveying horizontal strains, - - - 15, 76 

do. lattice. {See " Lattice-girder .") 


- 

- 

19 

* 

281, 

290 

- 

- 

2 

506, 

516^ 

524 

. 

" 

464 

884, 886, 887, 490 

- 

- 

554 

405, 

412, 

588 
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Web, braced, less economical than plating near ends of very laiige girders, 433 

do. maximum strains, - < - 88,51,161,174,175,256,451 

do. minute theoretic accuracy not always desirable, - • - 487 

do. multiple and single sjrstems of triangulation compared, 155, 156, 438 

do. quantity of materiid, - - - - 260 to 278 

do. strains may be deduced from shearing-strain, - - • 149 

— do. working strain, .-..-.. 481 
Web, continuous or plate, oalcalation of strains, • - 14 to 53, 190, 430, 431 

do. economical proportions to flange, • - • 462 

— do. generally less economical than bracing, - - 482 

do. greater proportion avfulable for flange-stndns in sluJ- 

low than in deep girders, ... 434, 462 

do. minimum thickness in practice, • • 482, 461, 462 

do. more economical in shallow than in deep girders^ - 488 

do. more economical than bracing near the ends of very 

long girders, ... - - 433 

do. nature of strains in, - - • - 14, 480, 539 

do. of cast-iron girders often adds materially to their 

strength, ..... 422, 436 

do. value of in aid of flanges, 15, 76, 99, 422, 429, 434, 436, 462 

Web, double, definition, - - - - • - -18 
economical depth of, ..... 18, 278, 461, 462 

effect of concentrated loads on, - - - - - - 493 

of wrought-iron girders under 200 feet in length nearly equal in weight to 

one flange, ........ 534 

of uniform strength, • - - - - 18, 19 

open-work, horizontal strains may be neglected, - • • 15, 76 

plate. (See " Web, continwnu" above.) 

quantity of material, - - - 18, 260 to 278, 497, 498, 534 

shearing strain in. (See " Shearing strain") 

single, definition, . . - - 

Weight and length of girders, no definite ratio between, 
Weight of bar-iron, .... 

chains, . . . , 

cordage. (See ** Cordage.'*) 

cross-girders, .... 

ei^nes, . - . . 

girders over 200 feet span, 

girders under 200 feet span, - 

people, . . - . 

permanent way, ... 

roadway, ... - 

roofing materials, 

rope. (See *' Cordage.**} 


• 

13 

. 

586 

887, 

561 

380, 381, 

887 

« 

450 

491, 492, 

494 

. 501 to 532 

584, 

535 

- 

495 

• 

450 

m 

450 

496, 

561 
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Weight of BDow, 
tenders, 


— timber, 
various bridges. {See '^ Appendix.**) 

— various materials, 

wire, - - - - 

wire pope, 

— (See *^ Specific gromty") 


Weights on public bridges, .... 

railway bridges, .... 

Wharf crane, .-...- 

Wilkinson's experiments on crashing strength of stone, - 
Wiod-braciDg, .-.--- 
Wind, force of, • 

pressure against girders, . - - - 

Smeaton's table of velocity and force of, 

Wire, copper, tensile strength, .... 

iron, tensile strength, - - - - 

rope, iron and steel, tensile strength and weight, • 

weight, ...--- 

Wood. (See ** Timber:') 

Wood screws, adhenion of, .... 

Working strain aud working load, ashlar work, • 

Board of Trade regulations, 

boilers, 

brickwork, 

bridges, 

— — — cast-iron, 

chain, - 

clay, - 

columns of etone, 

— — concrete, 

: cordage, 

cranes, 

— definition, 

earth, 


ART. 

• 496 

- 491 
64, 561 

- 561 

- 661 
888, 889 

• 495 
491 to 494 

183, 200 

830, 331 

442 to 448 

442 to 447, 496 

448, 446 

. 444 

360, 361 

- 661 
■ 867 

388 to 390 

- 561 

- 473 
830, 490 

450,* 477, 479, 494 

- 482 
330, 490 

- 859, 450, 483, 486, 489 to 495, 538 

313, 885, 849, 475 to 477 

885, 887, 480, 488, 607 

489 

- 490 
880, 490 

377, 887 to 889 
821, 477, 479 

- 474 

- 489 


engine- work. (See * * machinery^** below. ) 

English practice, • -474 

examples, 369, 488, 489, 490, 491, and appendix. 

foundations, - . . . . 459 

French Government regulations, 479, 482, 494, 495 

girders. (See** bridgen,** above.) 

gravel, - - - - 489 
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Working stnun, machinery, 
masonry, 


Morrin's (General), role, 
mortar, - - - 

piles, timber, 
pillars, - - - 

public bridges, • 
railways, 
rivets, 

roofs, - - - 

rabble masonry, • 
standard loads on bridges, 
steel, 

• stone, - - . 

suspension bridges and saspension chain. 


ART. 

477, 479, 482 

- 318, S21, 330, 490 
. 474 

830,490 

- • - • 829, 488 
318, 821, 828 to 330, 335, 488, 490 

- 495 
450,* 477, 479, 491 to 494 

- 465 
• 496 

330, 490 

- 492 to 495 

859, 395, 485 

880, 490 

- 480, 483, 495, 507 


timber, - - - - 

wire rope, • . - 

wronght-iron, - - - 

Wroaght-iron, annealing, effect on strength, 

angle iron and bars, strength, - 850 to 

boiler plates, 

bridges, examples of, 

coefiBcient of elasticity, 

coefficient of linear expansion, 

coefficient of rapture, 

corrosion, - - - - 

crushing strength, 

effect of repeated deflections, 

elastic flexibility hslf that of cast-iron, 

elasticity and set, - - - 

foigings, tensile strrngth, - 

girders. {See " Oirders:*) 

hard, . - . . 

limit of elasticity, - 

ordinary sizes, 

pillars. (See " PUlan.") 

plates. {See "PlaUs.") 

— — practical method of stiffening bars, 

proof strain shoold not exceed limit of elasticity, 

punching experiments, - . - 

removing skin not injurious to strength, - 

set. (See ** elaaticUy," above.) 

shearing experiments, 

shearing strength, - - - - 


828, 829, 835, 865, 486, 488 

- 888 to 390 

821, 835, 856, 465, 478 to 484 

- 352, 855, 857, 408 
852, 854, 879, 887, 410, 480 

- 854 

- 488, and appendix. 
8, 409 

- 415 
■ 64 

428, 482 

816 to 821, 885, 480, 481 

476, 478 

- 411 

- 407 to 412, 457, 484 
850, 852, 355 


354, 484 
• 410 
- 489 


- 410 

410, 484 

892, 480, 485 

853 

- 893, 465, 467, 470 
391 to 894, 463 to 465 
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Wrougfat-iion, ship plates. (Sec ** Plain:*) 

tpedfio gravity and weight, . - . . 852, 561 

temperature, effects of, • - - 418, 419, 421 

tensile strength, - - - 350 to 367, 879, 387, 479, 480 

tonghnees very valuable, - - - - 854, 859, 484 

tubular pillars. (See " PiUar»:y 

wire, .•.----. 367 

working strain. (See " Working tirain") 

Tellow metal, tensile strength, ....... 860 


Zinc, coefficient of elasticity, 

coefficient of linear expansion, 

joints, 

tensile strength, 

— weight and specific g^vity, • 
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8 
. 416 

- 468 

- 861 
64, 661 


